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$ SLORW�VFDOH SHUPHDEOH UHDFWLYH EDUULHU ZDV LQVWDOOHG DW 0RIIHWW )LHOG LQ $SULO ���� DQG LWV SHUIRUPDQFH

ZDV PRQLWRUHG RYHU WKH IROORZLQJ �� PRQWKV RQ D TXDUWHUO\ EDVLV� 7KH GHWDLOV RI WKLV VWXG\ DUH GHVFULEHG

LQ D WHFKQRORJ\ HYDOXDWLRQ UHSRUW �%DWWHOOH� ������ 7KLV GRFXPHQW SURYLGHV D EULHI DFFRXQW RI WKH
WHFKQRORJ\ HYDOXDWLRQ� 7KH REMHFWLYH ZDV WR FDSWXUH DQG WUHDW D VPDOO SRUWLRQ RI WKH :HVW 6LGH 3OXPH WKDW

FRQWDLQV FKORULQDWHG YRODWLOH RUJDQLF FRPSRXQG �&92&� FRQWDPLQDQWV� SULPDULO\ WULFKORURHWKHQH �7&(��

FLV�����GLFKORURHWKHQH �FLV�����'&(�� DQG SHUFKORURHWKHQH �3&(�� 7KH UHDFWLYH FHOO LQ WKH IXQQHO�DQG�
JDWH W\SH EDUULHU LV FRPSRVHG RI JUDQXODU ]HUR�YDOHQW LURQ� D VWURQJ UHGXFLQJ DJHQW� 7KH IORZWKURXJK

WKLFNQHVV RI WKH UHDFWLYH FHOO LV � IW DQG LW LV OLQHG RQ HLWKHU VLGH E\ � IW RI SHD JUDYHO� 7KH UHDFWLYH FHOO

DQG SHD JUDYHO FRPSULVH WKH JDWH� ZKLFK LV �� IW�ORQJ DQG LV IODQNHG RQ ERWK VLGHV E\ � IHHW RI ���IRRW�
ORQJ IXQQHO ZDOOV�

7KH ORZHULQJ RI JURXQGZDWHU UHGR[ SRWHQWLDO �(K� DQG GLVVROYHG R[\JHQ �'2�� DQG WKH SUHVHQFH RI

QRQFKORULQDWHG K\GURFDUERQ SURGXFWV LQ WKH UHDFWLYH FHOO� LQGLFDWHG FRQGLWLRQV FRQGXFLYH WR DELRWLF
UHGXFWLYH GHFKORULQDWLRQ� 2YHU WKH ���PRQWK SHULRG DIWHU FRQVWUXFWLRQ� WKH EDUULHU FRQVLVWHQWO\ UHGXFHG

JURXQGZDWHU FRQFHQWUDWLRQV RI 7&(� 3&(� FLV�����'&(� DQG YLQ\O FKORULGH WR ZHOO EHORZ WKHLU UHVSHFWLYH

PD[LPXP FRQWDPLQDQW OHYHOV �0&/V� RU WR QRQ�GHWHFW OHYHOV� ZKLFK ZHUH WKH GHVLJQ FULWHULD RU
SHUIRUPDQFH JRDOV IRU WKH EDUULHU� 7KH UDQJH RI GHJUDGDWLRQ KDOI�OLYHV RI WKHVH FRPSRXQGV REVHUYHG LQ

WKH ILHOG V\VWHP FRQIRUPHG ZHOO ZLWK WKH KDOI�OLYHV SUHGLFWHG GXULQJ EHQFK�VFDOH FROXPQ WHVWV� 7KH

UHDFWLYH FHOO GLG QRW FRQWULEXWH DQ\ VLJQLILFDQW OHYHOV RI GLVVROYHG LURQ WR WKH JURXQGZDWHU DQG WKH ZDWHU
H[LWLQJ WKH FHOO FRQWDLQHG EHORZ ��� PJ�/ RI LURQ� WKH VHFRQGDU\ GULQNLQJ ZDWHU VWDQGDUG�

:DWHU OHYHOV� D GRZQ�KROH JURXQGZDWHU YHORFLW\ PHWHU� DQG WUDFHU WHVWV ZHUH XVHG WR HYDOXDWH WKH

K\GUDXOLF IORZ FKDUDFWHULVWLFV RI WKH EDUULHU� 7KH K\GUDXOLF FDSWXUH ]RQH RI WKH EDUULHU DSSHDUV WR EH DERXW
�� IHHW ZLGH DQG H[WHQGV DERXW PLGZD\ DORQJ HDFK IXQQHO ZLQJ� 7KLV FDSWXUH ]RQH HVWLPDWH ZDV EDVHG RQ

WKH HVWLPDWHG JURXQGZDWHU YHORFLW\ SRURVLWLHV� DQG GLPHQVLRQV RI WKH UHDFWLYH FHOO DQG DTXLIHU� 7KH

HVWLPDWHG JURXQGZDWHU YHORFLW\ LQ WKH UHDFWLYH FHOO UDQJHV EHWZHHQ ��� WR � IHHW�GD\� SURYLGLQJ D
PLQLPXP UHVLGHQFH WLPH RI � GD\V LQ WKH UHDFWLYH PHGLXP� WKH GHVLJQ UHTXLUHPHQW IRU FRQWDPLQDQW

GHJUDGDWLRQ WR GHVLUHG OHYHOV ZDV � GD\V� 7KH IORZ WKURXJK WKH DTXLIHU DQG WKH JDWH LV KHWHURJHQHRXV DQG

WKHUH DSSHDUV WR EH PRUH IORZ WKURXJK WKH GHHSHU SRUWLRQV RI WKH UHDFWLYH FHOO WKDQ LQ WKH VKDOORZHU

SRUWLRQV�

7KH JHRFKHPLFDO HYDOXDWLRQ LQFOXGHG DQDO\VLV RI LQRUJDQLF SDUDPHWHUV LQ WKH EDUULHU DQG LWV YLFLQLW\� DV

ZHOO DV DQDO\VLV RI FRUH VDPSOHV RI WKH LURQ FROOHFWHG DW WKH HQG RI �� PRQWKV RI RSHUDWLRQ� &DOFLXP DQG
LURQ FRPSRXQGV SUHFLSLWDWHG RXW RI VROXWLRQ GXULQJ IORZ WKURXJK WKH UHDFWLYH FHOO� +RZHYHU� WKH DFWXDO

FDOFLXP SUHFLSLWDWH PDVV IRXQG RQ WKH LURQ FRUHV ZDV PXFK ORZHU WKDQ WKH ORVV RI GLVVROYHG FDOFLXP LQ WKH

JURXQGZDWHU IORZLQJ WKURXJK WKH UHDFWLYH FHOO� 7KLV PD\ LQGLFDWH WKDW QRW DOO WKH SUHFLSLWDWHV IRUPHG VWD\
LQ WKH JDWH� FROORLGDO�VL]HG SUHFLSLWDWHV FRXOG EH IORZLQJ RXW ZLWK WKH JURXQGZDWHU� 7KH K\GUDXOLF

JUDGLHQW DFURVV WKH IORZWKURXJK WKLFNQHVV RI WKH JDWH UHPDLQHG UHODWLYHO\ FRQVLVWHQW WKURXJK WKH ��

PRQWKV RI RSHUDWLRQ� 7KHUH ZHUH QR LQGLFDWLRQV GXULQJ WKH �� PRQWKV RI RSHUDWLRQ RI DQ\ GHFOLQH LQ WKH

UHDFWLYLW\ RU K\GUDXOLF SHUIRUPDQFH RI WKH EDUULHU� )XWXUH UHDFWLYH DQG K\GUDXOLF SHUIRUPDQFH RI WKH
EDUULHU LV GLIILFXOW WR SUHGLFW�

7KH EDUULHU RSHUDWHG XQDWWHQGHG DQG ZLWKRXW PDLQWHQDQFH DIWHU FRQVWUXFWLRQ� $V ORQJ DV WKH UHDFWLYH DQG
K\GUDXOLF SHUIRUPDQFH RI WKH EDUULHU KROGV� WKH RQO\ UHFXUULQJ FRVW H[SHFWHG LV IRU FRPSOLDQFH PRQLWRULQJ�

,I WKH EDUULHU UHWDLQV LWV SHUIRUPDQFH RYHU DSSUR[LPDWHO\ � \HDUV� WKH FRVW HYDOXDWLRQ LQGLFDWHV WKDW LW ZLOO

EH PRUH FRVW�HIIHFWLYH WKDQ D JURXQGZDWHU SXPS�DQG�WUHDW V\VWHP�
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$ SHUPHDEOH UHDFWLYH EDUULHU LQ LWV VLPSOHVW IRUP FDQ EH YLVXDOL]HG DV D WUHQFK ILOOHG ZLWK SRURXV UHDFWLYH

PDWHULDO� SODFHG LQ WKH SDWK RI D JURXQGZDWHU SOXPH �)LJXUH ��� D DQG E� �*DYDVNDU HW DO�� ����� *LOOKDP�

������ $V WKH SOXPH SDVVHV WKURXJK WKH UHDFWLYH PDWHULDO� WKH WDUJHW FRQWDPLQDQWV DUH GHJUDGHG WR
SRWHQWLDOO\ QRQWR[LF FRPSRXQGV� 6HYHUDO YDULDWLRQV RI WKLV VLPSOH FRQILJXUDWLRQ DUH SRVVLEOH GHSHQGLQJ

RQ LQGLYLGXDO VLWH FKDUDFWHULVWLFV �)LJXUH ��� D WKURXJK G�� 2QH FRPPRQ YDULDWLRQ VKRZQ LQ )LJXUH ���F LV

WKH IXQQHO�DQG�JDWH V\VWHP� ZKLFK FRPELQHV SHUPHDEOH �JDWH� DQG LPSHUPHDEOH �IXQQHO� VHFWLRQV RI WKH
EDUULHU WR FDSWXUH LQFUHDVHG IORZ DQG EHWWHU GLVWULEXWH WKH FRQWDPLQDQW ORDGLQJ RQ WKH UHDFWLYH PHGLXP�

0XOWLSOH JDWHV FDQ EH XVHG IRU ZLGHU SOXPHV� $ VLPSOH JDWH FRXOG FRQVLVW RI D UHDFWLYH FHOO RU WUHQFK

ILOOHG ZLWK WKH UHDFWLYH PHGLXP �H�J�� JUDQXODU LURQ�� 7KH JDWH DOVR FRXOG EH GLYLGHG LQWR D UHDFWLYH FHOO
DQG RWKHU FRPSRQHQWV� )RU H[DPSOH� SHD JUDYHO VHFWLRQV FRXOG EH LQVWDOOHG DORQJ WKH XSJUDGLHQW DQG

GRZQJUDGLHQW HGJHV RI WKH UHDFWLYH FHOO WR LPSURYH SRURVLW\ DQG PL[LQJ RI WKH LQIOXHQW DQG HIIOXHQW

WKURXJK WKH JDWH�

��� 7HFKQRORJ\ %DFNJURXQG

3HUPHDEOH UHDFWLYH EDUULHUV KDYH HPHUJHG RYHU WKH ODVW � \HDUV DV D SURPLVLQJ DOWHUQDWLYH WR SXPS�DQG�

WUHDW V\VWHPV IRU WUHDWLQJ GLVVROYHG JURXQGZDWHU FRQWDPLQDWLRQ� 7KH PDLQ DGYDQWDJH RI D UHDFWLYH EDUULHU
LV WKH SDVVLYH QDWXUH RI WKH WUHDWPHQW� 7KDW LV� IRU WKH PRVW SDUW� LWV RSHUDWLRQ GRHV QRW GHSHQG RQ DQ\

H[WHUQDO ODERU RU HQHUJ\ LQSXW� 2QFH LQVWDOOHG� WKH EDUULHU WDNHV DGYDQWDJH RI WKH LQ�VLWX JURXQGZDWHU IORZ

WR EULQJ WKH FRQWDPLQDQWV LQ FRQWDFW ZLWK WKH UHDFWLYH PDWHULDO� $ SDVVLYH WUHDWPHQW V\VWHP LV HVSHFLDOO\
GHVLUDEOH IRU FRQWDPLQDQWV VXFK DV FKORULQDWHG VROYHQWV� ZKHUH WKH SOXPH LV OLNHO\ WR SHUVLVW IRU VHYHUDO

GHFDGHV RU KXQGUHGV RI \HDUV� &RQVLGHUDEOH UHVHDUFK ��� ILHOG SLORW WHVWV DQG � IXOO�VFDOH DSSOLFDWLRQV� KDV

EHHQ FRQGXFWHG RYHU WKH ODVW � \HDUV WR GHPRQVWUDWH YDULDWLRQV RI WKLV WHFKQRORJ\�

7KH UHDFWLYH PDWHULDO XVHG LQ WKH EDUULHU PD\ YDU\ GHSHQGLQJ RQ WKH W\SH RI FRQWDPLQDQWV EHLQJ WUHDWHG�

7KH PRVW FRPPRQ UHDFWLYH PHGLXP XVHG VR IDU KDV EHHQ JUDQXODU ]HUR�YDOHQW LURQ� WKH XVH RI ZKLFK ZDV

SDWHQWHG E\ WKH 8QLYHUVLW\ RI :DWHUORR� 2QWDULR �*LOOKDP� ������ 2WKHU UHDFWLYH PDWHULDOV� VXFK DV
ELPHWDOV DQG PDJQHVLXP GLR[LGH� DUH DOVR EHLQJ UHVHDUFKHG E\ WKH VFLHQWLILF FRPPXQLW\�

��� 7KHRU\ RI 2SHUDWLRQ DQG /LPLWDWLRQV
=HUR�YDOHQW LURQ LV D VWURQJ UHGXFLQJ DJHQW WKDW FDQ DELRWLFDOO\ UHGXFH GLVVROYHG FRQWDPLQDQWV� VXFK DV
3&(� 7&(� DQG RWKHU FKORULQDWHG VROYHQWV�

�)H� � &�+&O� � �+
�
Æ �)H

��
� &�+� � �&O

�

���

(WKHQH DQG HWKDQH DUH WKH PDLQ SURGXFWV RI 7&( GHJUDGDWLRQ� +RZHYHU� LQGLFDWLRQV DUH WKDW WKHVH ILQDO
UHDFWLRQ SURGXFWV DUH JHQHUDWHG WKURXJK PXOWLSOH SDWKZD\V� %\ WKH K\GURJHQRO\VLV SDWKZD\� 7&(

GHJUDGHV WR FLV�����'&(� ZKLFK LQ WXUQ GHJUDGHV WR YLQ\O FKORULGH� %RWK FLV�����'&( DQG YLQ\O FKORULGH

DUH IDLUO\ SHUVLVWHQW XQGHU WKH UHGXFLQJ FRQGLWLRQV RI WKH LURQ PHGLXP DQG GHJUDGH WR HWKHQH DQG HWKDQH
PRUH VORZO\ WKDQ 7&( RU 3&(� )RUWXQDWHO\� RQO\ �� RU OHVV RI 7&( DSSHDUV WR WDNH WKLV SDWKZD\� 0RVW

RI WKH 7&( DSSHDUV WR GHJUDGH WR HWKHQH DQG HWKDQH E\ WKH EHWD�HOLPLQDWLRQ SDWKZD\ �5REHUWV HW DO�� �����

WKURXJK WKH IRUPDWLRQ RI LQWHUPHGLDWHV VXFK DV DFHW\OHQH� 7KHVH LQWHUPHGLDWHV DUH VKRUW�OLYHG DQG TXLFNO\
GHJUDGH WR HWKHQH DQG HWKDQH� 2WKHU FRQWDPLQDQWV VXFK DV GLVVROYHG FKURPLXP DQG XUDQLXP� ZKLFK DUH

DPHQDEOH WR UHGXFWLRQ E\ LURQ� DOVR FDQ EH WUHDWHG E\ SUHFLSLWDWLQJ WKHP RXW RI WKH JURXQGZDWHU� 6RPH

&92&V� VXFK DV ����GLFKORURHWKDQH �'&$�� PD\ EH UHODWLYHO\ UHFDOFLWUDQW WR GHJUDGDWLRQ E\ LURQ�

��� 7HFKQRORJ\ 6SHFLILFDWLRQV
7KH WHFKQRORJ\ SHUIRUPDQFH VSHFLILFDWLRQV IRU WKH SHUPHDEOH UHDFWLYH EDUULHU WHFKQRORJ\ XVXDOO\ LQYROYH

WKH IROORZLQJ�
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� 7UHDWLQJ WKH FRQWDPLQDQWV LQ WKH FDSWXUHG JURXQGZDWHU WR EHORZ WKHLU UHVSHFWLYH PD[LPXP
FRQWDPLQDQW OHYHOV �0&/V�� GULQNLQJ ZDWHU VWDQGDUGV� RU WR D ULVN�EDVHG DOWHUQDWLYH OHYHO�

� (QVXULQJ WKDW WKH LQWHUDFWLRQ EHWZHHQ WKH EDUULHU PDWHULDOV DQG WKH JURXQGZDWHU FRQVWLWXHQWV

GRHV QRW FDXVH HQYLURQPHQWDOO\ GHOHWHULRXV PDWHULDOV WR EH UHOHDVHG LQ WKH GRZQJUDGLHQW
DTXLIHU�

� $FKLHYLQJ WKH GHVLUHG K\GUDXOLF FDSWXUH HIILFLHQF\�

� (QVXULQJ WKDW WKH EDUULHU UHWDLQV LWV UHDFWLYLW\ DQG K\GUDXOLF FDSWXUH HIILFLHQF\ LQ WKH ORQJ

WHUP�

� (QVXULQJ WKDW WKH EDUULHU UHSUHVHQWV D FRVW�HIIHFWLYH RSWLRQ IRU WKH WUHDWPHQW RI WKH WDUJHWHG

FRQWDPLQDWLRQ DW WKH VLWH�

%HLQJ D SDVVLYH WHFKQRORJ\� HDVH RI RSHUDWLRQ LV WKH PDLQ DGYDQWDJH RI WKH SHUPHDEOH EDUULHU� 2QFH WKH

EDUULHU LV LQVWDOOHG� RSHUDWRU LQYROYHPHQW LV OLPLWHG WR WKH UHODWLYHO\ LQIUHTXHQW PRQLWRULQJ UHTXLUHG WR

HQVXUH WKDW WKH EDUULHU LV SHUIRUPLQJ DV GHVLJQHG� $Q\ PDLQWHQDQFH UHTXLUHG DOVR LV OLNHO\ WR EH UHODWLYHO\
LQIUHTXHQW� MXGJLQJ E\ WKH SHUIRUPDQFH RI WKH 0RIIHWW )LHOG EDUULHU VR IDU�

(b) Plan View of a Continuous Reactive Barrier
Configuration
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Groundwater
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(a) Elevation View of a Permeable Barrier
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(c) Funnel-and-Gate System (Plan View)
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(d) Funnel-and-Gate System with Two
Caisson Gates (Plan View)
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Caisson
Gate 2

Pea
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)LJXUH ���� 6FKHPDWLF ,OOXVWUDWLRQV RI 6RPH 3HUPHDEOH %DUULHU &RQILJXUDWLRQV
�*DYDVNDU HW DO�� �����
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��� .H\ 'HVLJQ 6WHSV
)LJXUH ��� VKRZV WKH VWHSV LQ WKH GHVLJQ RI D SHUPHDEOH UHDFWLYH EDUULHU� 7KHVH VWHSV LQYROYH WKH

GHWHUPLQDWLRQ RI WKH IROORZLQJ�

� 6LWH FKDUDFWHULVWLFV DIIHFWLQJ EDUULHU GHVLJQ
� 5HDFWLRQ UDWHV RU KDOI�OLYHV �WKURXJK FROXPQ WHVWLQJ�

� /RFDWLRQ� FRQILJXUDWLRQ� DQG GLPHQVLRQV RI WKH EDUULHU �WKURXJK K\GURJHRORJLF PRGHOLQJ�

� /RQJHYLW\ �WKURXJK D JHRFKHPLFDO HYDOXDWLRQ�
� (PSODFHPHQW RSWLRQV

� &RVW�

6RPH RI WKH GHVLJQ VWHSV DUH LQWHUUHODWHG� $GHTXDWH VLWH FKDUDFWHUL]DWLRQ SURYLGHV WKH FRQWDPLQDQW GLVWUL�

EXWLRQ DQG K\GURJHRORJLF SDUDPHWHUV UHTXLUHG IRU GHVLJQLQJ WKH ORFDWLRQ� FRQILJXUDWLRQ� DQG GLPHQVLRQV

RI WKH EDUULHU� &ROXPQ WHVWV PD\ EH XVHG WR GHWHUPLQH WKH UHDFWLRQ UDWHV RI WKH FRQWDPLQDQWV� ZKLFK DUH

WKHQ XVHG WR GHWHUPLQH WKH UHVLGHQFH WLPH RU FRQWDFW WLPH UHTXLUHG� ZKLFK LQ WXUQ LV XVHG �DORQJ ZLWK WKH
JURXQGZDWHU YHORFLW\ GHWHUPLQHG GXULQJ VLWH FKDUDFWHUL]DWLRQ� WR GHWHUPLQH WKH WKLFNQHVV RI WKH UHDFWLYH

FHOO� 7KH ZLGWK RI WKH UHDFWLYH FHOO RU JDWH GHSHQGV XSRQ WKH UHODWLYH SHUPHDELOLWLHV RI WKH DTXLIHU DQG

UHDFWLYH PHGLXP� DV ZHOO DV WKH ZLGWK RI WKH SOXPH WDUJHWHG IRU FDSWXUH� 7KH GHSWK RI WKH EDUULHU LV
GHWHUPLQHG E\ WKH GHSWK RI WKH DTXLWDUG� ,Q PRVW FDVHV� HVSHFLDOO\ IRU FKORULQDWHG VROYHQW FRQWDPLQDWLRQ�

WKH EDUULHU LV H[SHFWHG WR EH NH\HG LQWR WKH DTXLWDUG� +DQJLQJ EDUULHUV �WKRVH FRPSOHWHG WR D GHSWK DERYH

WKH DTXLWDUG� KDYH EHHQ SURSRVHG EXW WKH\ PD\ EH PRUH VXLWDEOH IRU SOXPHV HPDQDWLQJ IURP OLJKW�
QRQDTXHRXV�SKDVH OLTXLG �/1$3/�� UDWKHU WKDQ GHQVH� QRQDTXHRXV�SKDVH OLTXLG �'1$3/� VRXUFHV�

Additional
site characterization

Preliminary site assessment to evaluate
applicability of a permeable barrier to the site

Organic composition of groundwaterAquifer characteristics

Estimate capital costs of permeable barrier alternatives
Estimate O&M costs of

permeable barrier

Determine location and configuration
of permeable barrier

Media screening/selection

Geochemical evaluation

Column tests

Determine
half-life/

residence time

Longevity
considerations

Determine
emplacement

technique
options

Select
emplacement

alternative

Hydrogeologic
modeling

Types/concentrations
of chlorinated

organics

Permeability
Groundwater velocity
Heterogeneities
Confining layer and depth
Dimensions and distribution of plume
Seasonal variations

Depth of plume/aquifer
Geotechnical characteristics
of the aquifer medium

Inorganic composition
of groundwater

pH, Eh, DO
Ca, Mg
Alkalinity, NO , SO3 4
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Adjust for
field

temperatures

Determine width of
funnel walls (funnel-
and-gate system only)

Determine width of
continuous reactive

barrier or gate

Determine groundwater
velocity through
reactive cell/gate

Determine
thickness of
reactive cell

)LJXUH ���� 6WHSV LQ WKH 'HVLJQ RI D 3HUPHDEOH %DUULHU 6\VWHP
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(YDOXDWLRQ RI WKH LQRUJDQLF FRQVWLWXHQWV RI WKH VLWH JURXQGZDWHU SURYLGHV DQ LQGLFDWLRQ RI WKH

EDUULHU©V H[SHFWHG ORQJHYLW\ DQG RI WKH VDIHW\ IDFWRUV WKDW PD\ EH UHTXLUHG LQ WKH EDUULHU
GLPHQVLRQV WR DFFRXQW IRU HYHQWXDO GHFOLQH LQ SHUIRUPDQFH�

��� 0RELOL]DWLRQ� &RQVWUXFWLRQ� DQG 2SHUDWLRQ
2QFH WKH ORFDWLRQ� FRQILJXUDWLRQ� DQG GLPHQVLRQV RI WKH EDUULHU KDYH EHHQ GHVLJQHG� D TXDOLILHG

JHRWHFKQLFDO FRQWUDFWRU LV KLUHG WR FRQVWUXFW WKH EDUULHU� 0RVW TXDOLILHG JHRWHFKQLFDO FRQWUDFWRUV KDYH

VWDQGDUG FRQVWUXFWLRQ HTXLSPHQW �VXFK DV D EDFNKRH� FUDQH� YLEUDWRU\ KDPPHU� IURQW�HQG ORDGHU� HWF�� WKDW

FDQ EH XVHG IRU WKH MRE� *HQHUDOO\� DW OHDVW � ZHHNV DUH UHTXLUHG IRU PRELOL]DWLRQ� LQFOXGLQJ � WR � ZHHNV
IRU UHDG\LQJ WKH HTXLSPHQW DQG WUDQVSRUWLQJ LW WR WKH VLWH� 2QFH DW WKH VLWH� WKH HTXLSPHQW FDQ EH VHW XS

UHODWLYHO\ TXLFNO\ DQG FRQVWUXFWLRQ XVXDOO\ VWDUWV ZLWKLQ D ZHHN� 0RVW RI WKH HTXLSPHQW FDQ EH VHW XS LQ D

��� E\ ���IRRW DUHD WKDW KDV QR RYHUKHDG XWLOLWLHV� 7KH LURQ RU RWKHU UHDFWLYH PHGLXP KDV WR EH SXUFKDVHG
DQG WUDQVSRUWHG WR WKH VLWH DV ZHOO� 7KH LURQ LV JHQHUDOO\ VROG LQ ������SRXQG ZDWHUSURRI EDJV DQG LV LQ D

IRUP UHDG\ WR EH LQVWDOOHG� 0RQLWRULQJ ZHOOV ZLWKLQ WKH EDUULHU DUH LQVWDOOHG GXULQJ EDUULHU FRQVWUXFWLRQ�

0RQLWRULQJ ZHOOV LQ WKH VXUURXQGLQJ DTXLIHU FDQ EH LQVWDOOHG DW DQ\ WLPH ZLWK VWDQGDUG ZHOO GULOOLQJ HTXLS�
PHQW� 2QFH WKH EDUULHU LV LQVWDOOHG DQG WKH JURXQG VXUIDFH KDV EHHQ UHVWRUHG� WKH EDUULHU RSHUDWHV RQ LWV

RZQ XVLQJ WKH QDWXUDO JURXQGZDWHU IORZ WR EULQJ WKH FRQWDPLQDQWV LQ FRQWDFW ZLWK WKH UHDFWLYH PHGLXP�

��� $GYDQWDJHV DQG /LPLWDWLRQV RI 3HUPHDEOH %DUULHUV
7KH SHUPHDEOH EDUULHU WHFKQRORJ\ KDV ILYH PDLQ DGYDQWDJHV RYHU FRQYHQWLRQDO SXPS�DQG�WUHDW V\VWHPV�

� ,W LV SDVVLYH LQ QDWXUH �QR H[WHUQDO HQHUJ\ LV FRQVXPHG��

� ,W KDV WKH SRWHQWLDO IRU WUHDWLQJ GLVVROYHG FKORULQDWHG VROYHQWV LQ D JURXQGZDWHU SOXPH WR YHU\

ORZ OHYHOV�

� 1R DERYHJURXQG VWUXFWXUHV DUH UHTXLUHG� PDNLQJ WKH SURSHUW\ VXLWDEOH IRU PRUH XVHV�

� 1R KD]DUGRXV ZDVWH E\SURGXFWV UHTXLULQJ GLVSRVDO DUH JHQHUDWHG� DQG GLVFKDUJH RI WUHDWHG
HIIOXHQW LV QRW QHHGHG� $W PDQ\ VLWHV� VRLO H[FDYDWHG GXULQJ EDUULHU FRQVWUXFWLRQ FRQWDLQV ORZ

FRQFHQWUDWLRQV RI FRQWDPLQDQWV DQG LV KDQGOHG LQ WKH VDPH IDVKLRQ DV FRQVWUXFWLRQ GHEULV�

+RZHYHU� WKLV VKRXOG EH YHULILHG DW HDFK VLWH�

� ,W KDV SRWHQWLDO IRU ORQJ�WHUP XQDWWHQGHG RSHUDWLRQ�

3HUPHDEOH EDUULHU DSSOLFDWLRQ PD\ EH OLPLWHG E\ WKH IROORZLQJ FRQVLGHUDWLRQV�

� 3UHVHQFH RI DERYHJURXQG RU XQGHUJURXQG EXLOGLQJ VWUXFWXUHV DW WKH GHVLUHG EDUULHU ORFDWLRQ

FRXOG SUHVHQW GLIILFXOWLHV LQ FRQVWUXFWLRQ�

� 'HHSHU SOXPHV PD\ EH LQDFFHVVLEOH RU H[SHQVLYH WR UHPHGLDWH ZLWK SHUPHDEOH EDUULHUV EDVHG

RQ FXUUHQWO\ DYDLODEOH FRPPHUFLDO HPSODFHPHQW WHFKQLTXHV�

� $TXLWDUG PD\ QRW EH FRPSHWHQW HQRXJK IRU WKH EDUULHU WR EH NH\HG LQ�

� ([WUHPHO\ ORZ RU KLJK JURXQGZDWHU YHORFLWLHV PD\ OHDG WR GLIILFXOWLHV LQ JURXQGZDWHU FDSWXUH

RU EDUULHU VL]LQJ DQG FRVW�
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7KLV VHFWLRQ GHVFULEHV WKH VWUDWHJ\ DQG SODQQLQJ OHDGLQJ WR WKH FRQVWUXFWLRQ RI WKH SLORW EDUULHU DW 0RIIHWW

)LHOG DQG WKH VXEVHTXHQW SHUIRUPDQFH HYDOXDWLRQ�

��� 'HPRQVWUDWLRQ 6LWH�)DFLOLW\ %DFNJURXQG
$V SDUW RI WKH ,QVWDOODWLRQ 5HVWRUDWLRQ 3URJUDP �,53�� WKH 8�6� 1DY\ KDV EHHQ LGHQWLI\LQJ DQG HYDOXDWLQJ
SDVW KD]DUGRXV ZDVWH VLWHV DW WKH IRUPHU 1DYDO $LU 6WDWLRQ� 0RIIHWW )LHOG �QRZ UHIHUUHG WR DV 0RIIHWW

)HGHUDO $LUILHOG� LQ DQ HIIRUW WR FRQWURO WKH VSUHDG RI FRQWDPLQDWLRQ IURP WKHVH VLWHV� 0RIIHWW )LHOG� DV LW

LV VWLOO FRPPRQO\ FDOOHG� LV ORFDWHG LQ 0RXQWDLQ 9LHZ� &DOLIRUQLD� 0RIIHWW )LHOG DSSHDUHG RQ WKH

6XSHUIXQG©V 1DWLRQDO 3ULRULWLHV /LVW �13/� LQ -XQH ����� $V D UHVXOW� WKH 5,�)6 SURFHVV ZDV LQLWLDWHG DV
UHTXLUHG E\ WKH &RPSUHKHQVLYH (QYLURQPHQWDO 5HVSRQVH� &RPSHQVDWLRQ� DQG /LDELOLW\ $FW �&(5&/$��

6HYHUDO LQYHVWLJDWLRQV DW 0RIIHWW )LHOG KDYH LGHQWLILHG H[WHQVLYH JURXQGZDWHU FRQWDPLQDWLRQ E\ FKORULQDWHG
VROYHQWV� 7KH FRQWDPLQDQWV RI FRQFHUQ DUH 7&(� FLV�����'&(� 3&(� ����'&(� DQG ����'&$� 5HPHGLDWLRQ RI

JURXQGZDWHU FRQWDPLQDWHG ZLWK FKORULQDWHG YRODWLOH RUJDQLF FRPSRXQGV �&92&V� E\ SXPS�DQG�WUHDW V\VWHPV

LV GLIILFXOW� FRVWO\� DQG JHQHUDOO\ LQHIIHFWLYH� 1)(6& DQG WKH 8�6� 1DY\©V ()$ :HVW DUH WKHUHIRUH
LQYHVWLJDWLQJ DOWHUQDWLYH WHFKQRORJLHV WKDW KDYH SRWHQWLDO WHFKQLFDO DQG FRVW DGYDQWDJHV RYHU FRQYHQWLRQDO

SXPS�DQG�WUHDW V\VWHPV� 7KH SHUPHDEOH EDUULHU WHFKQRORJ\ KDV EHHQ LGHQWLILHG E\ WKH 8�6� (QYLURQPHQWDO

3URWHFWLRQ $JHQF\ �8�6� (3$� ����� DV DQ HPHUJLQJ WHFKQRORJ\ IRU FOHDQXS RI JURXQGZDWHU FRQWDPLQDWHG

ZLWK FKORULQDWHG VROYHQWV� DQG ZDV WKH WHFKQRORJ\ RI FKRLFH IRU WKLV SLORW GHPRQVWUDWLRQ LQ WKH :HVW 6LGH
3OXPH �D ODUJH UHJLRQDO FKORULQDWHG VROYHQW SOXPH RQ WKH ZHVW VLGH RI 0RIIHWW )LHOG��

��� 3K\VLFDO 6HWXS DQG 2SHUDWLRQ
7DEOH ��� VKRZV WKH VFKHGXOH RI HYHQWV OHDGLQJ WR WKH FRPSOHWLRQ RI WKH GHPRQVWUDWLRQ� 7KH SLORW EDUULHU

ZDV FRQVWUXFWHG DW 0RIIHWW )LHOG LQ $SULO ����� 3UHOLPLQDU\ PRQLWRULQJ RI JURXQGZDWHU FRQGLWLRQV LQ DQG

DURXQG WKH 0RIIHWW )LHOG SHUPHDEOH EDUULHU ZDV FRQGXFWHG LQ -XQH ����� DERXW � ZHHNV DIWHU LQVWDOODWLRQ�
WR HVWDEOLVK WKDW WKH EDUULHU ZDV IXQFWLRQLQJ DV GHVLJQHG� 7KH UHVXOWV RI WKLV SUHOLPLQDU\ PRQLWRULQJ HYHQW

VKRZHG WKDW WKH 7&( DQG 3&( FRQFHQWUDWLRQV LQ WKH JURXQGZDWHU IORZLQJ WKURXJK WKH EDUULHU ZHUH EHLQJ

VLJQLILFDQWO\ UHGXFHG�

6XEVHTXHQW TXDUWHUO\ PRQLWRULQJ �ILYH TXDUWHUV� KDV HQDEOHG WKH HYDOXDWLRQ RI EDUULHU SHUIRUPDQFH XQGHU

VHDVRQDO FKDQJHV LQ FRQWDPLQDQW DQG IORZ FKDUDFWHULVWLFV� 4XDUWHUO\ PRQLWRULQJ DOVR DOORZHG DQ

HVWLPDWLRQ RI WKH OHQJWK RI WLPH LW WDNHV WKH EDUULHU WR UHDFK VWHDG\�VWDWH SHUIRUPDQFH� ,Q DGGLWLRQ� WZR
WUDFHU WHVWV DQG GRZQ�KROH JURXQGZDWHU YHORFLW\ PHDVXUHPHQWV ZHUH FRQGXFWHG� $W WKH HQG RI

DSSUR[LPDWHO\ ��� \HDUV� FRUH VDPSOHV RI WKH UHDFWLYH PHGLXP IURP WKH EDUULHU DQG D FRUH VDPSOH RI WKH

GRZQJUDGLHQW DTXLIHU ZHUH FROOHFWHG DQG DQDO\]HG WR HYDOXDWH SRWHQWLDO SUHFLSLWDWLRQ DQG ELRIRXOLQJ

HIIHFWV RQ WKH EDUULHU DQG DTXLIHU PHGLD� UHVSHFWLYHO\�

7DEOH ��� VKRZV WKH YDULRXV SDUWLFLSDQWV LQYROYHG LQ WKH GHPRQVWUDWLRQ� %DWWHOOH� XQGHU FRQWUDFW WR

1)(6&� SUHSDUHG WKH SHUIRUPDQFH PRQLWRULQJ SODQ IRU WKH GHPRQVWUDWLRQ� FRRUGLQDWHG LWV
LPSOHPHQWDWLRQ� FRQGXFWHG WKH K\GURJHRORJLF DQG JHRFKHPLFDO PRGHOLQJ� HYDOXDWHG WKH PRQLWRULQJ DQG

PRGHOLQJ UHVXOWV� DQG SUHSDUHG WKLV GHPRQVWUDWLRQ UHSRUW� 7HWUD7HFK (0, �IRUPHUO\ 35& (QYLURQPHQWDO

0DQDJHPHQW� ,QF��� XQGHU FRQWUDFW WR ()$ :HVW� FRQGXFWHG WKH EHQFK�VFDOH WHVWV� FRRUGLQDWHG WKH GHVLJQ�
VXSHUYLVHG WKH FRQVWUXFWLRQ RI WKH SLORW EDUULHU� DQG FRQGXFWHG WKH VDPSOLQJ DQG DQDO\VLV IRU WKH ILHOG

HIIRUW RXWOLQHG LQ WKH SHUIRUPDQFH PRQLWRULQJ SODQ�

��� 'HPRQVWUDWLRQ 6LWH�)DFLOLW\ &KDUDFWHULVWLFV
7KLV VHFWLRQ GHVFULEHV WKH UHVXOWV RI WKH VLWH FKDUDFWHUL]DWLRQ FRQGXFWHG WR GHWHUPLQH WKH SK\VLFDO

FKDUDFWHULVWLFV RI WKH DTXLIHU XQGHUO\LQJ WKH SLORW EDUULHU VLWH�
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7DEOH ���� 'HPRQVWUDWLRQ $FWLYLWLHV 6FKHGXOH

$FWLYLW\ 'DWH &RPSOHWHG

6LWH FKDUDFWHUL]DWLRQ 'HFHPEHU ����

%HQFK�VFDOH WHVWV 2FWREHU ����

*URXQGZDWHU PRGHOLQJ UHSRUWV 'HFHPEHU �����-XQH ����

3HUIRUPDQFH 0RQLWRULQJ 3ODQ �GUDIW� 6HSWHPEHU ����

8SGDWHG JURXQGZDWHU PRGHOLQJ UHSRUW 1RYHPEHU ����

3HUIRUPDQFH 0RQLWRULQJ 3ODQ �ILQDO� -XO\ ����

3LORW EDUULHU FRQVWUXFWLRQ $SULO ����

)LUVW TXDUWHUO\ PRQLWRULQJ HYHQW -XQH ����

6HFRQG TXDUWHUO\ PRQLWRULQJ HYHQW 6HSWHPEHU ����

7KLUG TXDUWHUO\ PRQLWRULQJ HYHQW -DQXDU\ ����

)RXUWK TXDUWHUO\ PRQLWRULQJ HYHQW $SULO ����
)LIWK TXDUWHUO\ PRQLWRULQJ HYHQW 2FWREHU ����

)LUVW WUDFHU WHVW $SULO ����

6HFRQG WUDFHU WHVW $XJXVW ����

,URQ FRUHV FROOHFWLRQ 'HFHPEHU ����

'UDIW 3HUIRUPDQFH (YDOXDWLRQ 5HSRUW -XQH ����

)LQDO 3HUIRUPDQFH (YDOXDWLRQ 5HSRUW 1RYHPEHU ����

7DEOH ���� /LVW RI 3URMHFW 3DUWLFLSDQWV

)XQGLQJ IRU 'HPRQVWUDWLRQ

(67&3 %5$&

1)(6&

(YDOXDWLRQ RI EDUULHU SHUIRUPDQFH
()$ :HVW

'HVLJQ DQG FRQVWUXFWLRQ

%DWWHOOH

3HUIRUPDQFH HYDOXDWLRQ SODQ

)LHOG PRQLWRULQJ

'DWD HYDOXDWLRQ� PRGHOLQJ

5HSRUW SUHSDUDWLRQ

7HWUD 7HFK (0,

)LHOG PRQLWRULQJ

6XEFRQWUDFW ODERUDWRULHV
$QDO\VLV RI LURQ FRUHV

3UHFLVLRQ 6DPSOLQJ ,QF�

'ULOOLQJ IRU LURQ FRUHV

7HWUD 7HFK (0,

%HQFK�VFDOH WHVWV

%DUULHU GHVLJQ

2YHUVHH FRQVWUXFWLRQ

(QYLUR0HWDO 7HFKQRORJLHV� ,QF�
'HVLJQ JXLGDQFH

6OXUU\ 6\VWHPV ,QF�
&RQVWUXFWLRQ VXEFRQWUDFWRU

6XEFRQWUDFW ODERUDWRULHV

*URXQGZDWHU DQDO\VLV

����� 'HVFULSWLRQ RI &RQWDPLQDQW 3OXPH� 7KH SHUPHDEOH UHDFWLYH EDUULHU OLHV ZLWKLQ D UHJLRQDO

JURXQGZDWHU SOXPH RI &92&V� &OHDQXS DQG FRQWDPLQDQW LGHQWLILFDWLRQ DFWLYLWLHV KDYH EHHQ XQGHUZD\ DW
0RIIHWW )LHOG VLQFH ����� &RQWDPLQDQWV DW 0RIIHWW )LHOG LQFOXGH ZDVWH RLOV� VROYHQWV� FOHDQHUV� DQG MHW

IXHOV� $PRQJ PDQ\ SRVVLEOH VRXUFHV RI FRQWDPLQDWLRQ RQ WKH VLWH DUH VHYHUDO XQGHUJURXQG VWRUDJH WDQNV�

DERYHJURXQG VWRUDJH WDQNV� D GU\ FOHDQLQJ IDFLOLW\� DQG VXPSV� &92&V IRXQG LQ WKH YLFLQLW\ RI WKH EDUULHU

LQFOXGH 7&(� 3&(� FLV�����'&(� ����'&(� ����'&$� DQG RWKHU FKORULQDWHG K\GURFDUERQV� 7&( LV WKH
PRVW SUHYDOHQW FRQWDPLQDQW RQ WKH VLWH� 1RQFKORULQDWHG YRODWLOH RUJDQLF FRPSRXQGV �92&V�� VXFK DV

EHQ]HQH� WROXHQH� HWK\OEHQ]HQH� DQG [\OHQH �%7(;� FRPSRXQGV� DUH PRVWO\ DEVHQW LQ WKH YLFLQLW\ RI WKH

FXUUHQW EDUULHU GHPRQVWUDWLRQ SURMHFW�

7KH &92& SOXPH H[LVWV PDLQO\ LQ WKH $ DTXLIHU �,7 &RUS�� ������ 7KH SOXPH LV PRUH WKDQ ������ IHHW

ORQJ� DERXW ����� IHHW ZLGH� RULHQWHG QRUWK�QRUWKHDVW� DQG WDSHUV WR WKH QRUWK� 7&( OHYHOV UHSRUWHG E\ ,7
&RUS� ������ H[FHHGHG �� PJ�/� DQG 3&( OHYHOV ZHUH DERXW ��� PJ�/ LQ WKH $ DTXLIHU� 7KH GLVWULEXWLRQ

RI 7&( LQ WKH :HVW 6LGH 3OXPH LV VKRZQ LQ )LJXUH ����
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)LJXUH ���� 7&( &RQFHQWUDWLRQ �LQ PPJ�/� &RQWRXU 0DS IRU $� $TXLIHU =RQH� 6HFRQG 4XDUWHU ����
�6RXUFH� ,7 &RUS�� �����

����� 6LWH *HRORJ\� 6HGLPHQWV LQ WKH 0RIIHWW )LHOG DUHD DUH D FRPSOH[ PL[WXUH RI IOXYLDO�DOOXYLDO

FOD\� VLOW� VDQG� DQG JUDYHO WKDW VORSHV WRZDUG 6DQ )UDQFLVFR %D\ LQ WKH QRUWKHDVW �35&� ����� ����� ,7

&RUS� ������ 7KH GHSRVLWV DUH +RORFHQH�3OHLVWRFHQH LQ DJH DQG JHQHUDOO\ DUH DVVRFLDWHG ZLWK IORRG
HYHQWV� 6DQGV DQG JUDYHOV IRUP LQWHUEUDLGHG FKDQQHO VWUXFWXUHV WKDW DUH LQFLVHG LQWR VLOW DQG FOD\ GHSRVLWV�

7KHVH FKDQQHOV DUH GLYLGHG LQWR OD\HUHG DTXLIHUV GHVLJQDWHG DV $� %� DQG & DTXLIHUV� 7KHVH DTXLIHUV

H[WHQG PRUH WKDQ ��� IHHW EHORZ ODQG VXUIDFH� 0XOWLSOH FKDQQHOV RI VDQG DQG JUDYHO KDYH EHHQ GHOLQHDWHG
DW YDULRXV HOHYDWLRQ LQWHUYDOV ZLWKLQ WKH DTXLIHU ]RQHV �35&� ������

7KH PDMRU UHJLRQ RI LQWHUHVW IRU WKLV VWXG\ LV WKH QHDU�VXUIDFH $ DTXLIHU� 7KLV ]RQH LV QRW ODWHUDOO\
KRPRJHQHRXV GXH WR WKH LQWHUEUDLGHG FKDQQHO QDWXUH RI WKH VHGLPHQWV� ,Q WKH LPPHGLDWH YLFLQLW\ RI WKH

SHUPHDEOH EDUULHU� ZHOO ORJV� FRQH SHQHWURPHWHU WHVWV� DQG JHRSK\VLFDO ORJV ZHUH XVHG WR FKDUDFWHUL]H VDQG

FKDQQHOV DQG VXUURXQGLQJ LQWHUFKDQQHO GHSRVLWV� 6HYHUDO LQGLYLGXDO FKDQQHOV ZHUH PDSSHG LQ WKH $

DTXLIHU DQG WKH SHUPHDEOH EDUULHU ZDV ORFDWHG LQ RQH RI WKHVH VDQG FKDQQHOV� URXJKO\ SHUSHQGLFXODU WR WKH
OHQJWK RI WKH FKDQQHO �VHH )LJXUHV ��� DQG ����� 7KH UHDFWLYH JDWH DQG WKH IXQQHO ZDOOV FRYHU WKH ZKROH

ZLGWK RI WKH FKDQQHO DQG DUH NH\HG LQWR ORZ�SHUPHDELOLW\ VHGLPHQWV HDVW DQG ZHVW RI WKH WDUJHW FKDQQHO�

7KHVH KHWHURJHQHLWLHV DUH OLNHO\ WR KDYH D VLJQLILFDQW LPSDFW RQ JURXQGZDWHU IORZ WKURXJK DQG DURXQG WKH
EDUULHU ZDOO�
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)LJXUH ���� 6FKHPDWLF 'HSLFWLRQ RI WKH *HRORJ\ LQ WKH 9LFLQLW\ RI WKH

3HUPHDEOH %DUULHU $ORQJ D 1RUWK�6RXWK 9HUWLFDO 6HFWLRQ
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Hydraulic conductivity (ft/d)

Total porosity

Boundary of geologic unit

Pea Gravel K = 2,830 n = 0.33

Iron K = 283 n = 0.33

K

n
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MODEL CELL01.CDR

)LJXUH ���� 3HUPHDEOH %DUULHU /RFDWLRQ DQG +RUL]RQWDO 'LPHQVLRQV 5HODWLYH WR /LWKRORJLF

9DULDWLRQV LQ 6XUURXQGLQJ $� $TXLIHU =RQH DW 0RIIHWW )LHOG
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,Q WKH YHUWLFDO GLUHFWLRQ� WKH $ DTXLIHU FDQ EH IXUWKHU GLYLGHG LQWR WZR ]RQHV� $� DQG $�� VHSDUDWHG E\ D
VLOW\�FOD\ ]RQH FDOOHG WKH $��$� FRQILQLQJ OD\HU �DTXLWDUG�� 7KH $� DTXLIHU ]RQH LV XS WR �� IHHW WKLFN

DQG LV RYHUODLQ E\ D FOD\H\ VXUIDFH OD\HU RI YDU\LQJ WKLFNQHVVHV� :HOO ORJV DQG SDOHRFKDQQHO PDSV

VXJJHVW WKDW WKH FRQILQLQJ OD\HU XQGHUO\LQJ WKH $� DTXLIHU ]RQH LV UHODWLYHO\ WKLQ LQ VRPH DUHDV DQG

GLVFRQWLQXRXV� 7KH $� DQG $� DTXLIHU ]RQHV DUH LQWHUFRQQHFWHG LQ VRPH DUHDV� 7KH $� DTXLIHU ]RQH LV �
WR �� IHHW WKLFN DQG H[WHQGV WR �� IHHW EHORZ PHDQ VHD OHYHO �PVO�� $OWKRXJK ERWK $� DQG $� DTXLIHU

]RQHV DUH FRQWDPLQDWHG� WKH SLORW�VFDOH UHDFWLYH EDUULHU SHQHWUDWHV RQO\ WKH $� ]RQH�

����� 6LWH +\GURORJ\� :DWHU OHYHOV DQG SXPSLQJ WHVWV LQGLFDWH WKDW WKH $� DTXLIHU ]RQH EHKDYHV DV D

VHPLFRQILQHG DTXLIHU DW WKLV VLWH� ,Q WKH YLFLQLW\ RI WKH SHUPHDEOH EDUULHU ORFDWLRQ� WKH REVHUYHG K\GUDXOLF

JUDGLHQW YDULHV IURP ����� WR ������ 7KLV LV DOVR D UHSUHVHQWDWLYH UDQJH IRU KLVWRULF K\GUDXOLF JUDGLHQW DW WKH
VLWH� $OWKRXJK WKHUH DUH VRPH VPDOO�VFDOH ORFDO YDULDWLRQV GXH WR KHWHURJHQHLWLHV� WKH RYHUDOO IORZ GLUHFWLRQ

LV URXJKO\ IURP VRXWK WR QRUWK WRZDUG WKH 6DQ )UDQFLVFR %D\� $Q ,7 &RUS� ������ UHSRUW QRWHV D VOLJKW

XSZDUG JUDGLHQW IURP $� WR $� LQ WKH DUHD� VXJJHVWLQJ WKDW WKH $� DTXLIHU ]RQH LV QRW IXOO\ FRQILQHG� 7KH

FRQQHFWLRQ EHWZHHQ WKH WZR DTXLIHUV LV DOVR VXJJHVWHG E\ WKH SUHVHQFH RI JURXQGZDWHU FRQWDPLQDWLRQ LQ
ERWK WKH DTXLIHUV� +LVWRULF ZDWHU OHYHO LQIRUPDWLRQ IURP WKH VLWH LQGLFDWHV WKDW WKHUH LV D VWURQJ FRUUHODWLRQ

EHWZHHQ WKH ZDWHU OHYHOV LQ VKDOORZ DTXLIHUV DQG WKH UDLQIDOO� 7KXV� WKH JURXQGZDWHU OHYHOV DUH XVXDOO\ WKH

KLJKHVW GXULQJ ZLQWHU PRQWKV ZKHQ PRVW RI WKH UDLQIDOO RFFXUV DQG ORZHVW GXULQJ ODWH VXPPHU�

)RXU SXPSLQJ WHVWV ZHUH FRQGXFWHG E\ ,7 WR GHWHUPLQH WKH K\GUDXOLF SURSHUWLHV RI VHGLPHQWV LQ WKH DUHD

�,7 &RUS�� ������ +\GUDXOLF FRQGXFWLYLW\ �.� HVWLPDWHV IURP ZHOO WHVWV UDQJH IURP �� WR ��� IHHW�GD\ LQ
WKH $� DTXLIHU ]RQH DQG IURP � WR ��� IHHW�GD\ LQ WKH $� DTXLIHU ]RQH� 7KHVH WHVWV VKRZ WKDW WKHUH LV D

VWURQJ YDULDELOLW\ LQ WKH K\GUDXOLF FRQGXFWLYLW\ DW WKH VLWH� 3RURVLW\ YDOXHV IURP �� VDPSOHV �35&� �����

UDQJHG IURP ���� IRU VDQG DQG JUDYHO WR ���� IRU VLOW\ FOD\� 6OXJ WHVWV DQG SXPSLQJ WHVWV LQ WKH $��$�

FRQILQLQJ OD\HU VKRZHG . RI ��� WR ��� IRRW�GD\�

$V SDUW RI WKLV GHPRQVWUDWLRQ� DQ DWWHPSW ZDV PDGH WR LPSURYH WKH . GHWHUPLQDWLRQ DW WKH VLWH� 6OXJ WHVWV

ZHUH FRQGXFWHG LQ )HEUXDU\ ���� ZLWKLQ WKH UHDFWLYH FHOO DQG LQ WKH DTXLIHU ZHOOV �%DWWHOOH� ������ 7KH
WHVWV ZLWKLQ WKH UHDFWLYH FHOO ZHUH LQFRQFOXVLYH EHFDXVH UHFRYHULHV ZHUH UDSLG DQG JRRG WLPH VHULHV

SURILOHV RI ZDWHU OHYHOV ZHUH XQDFKLHYDEOH GXH WR WKH KLJK . RI WKH JUDQXODU LURQ� %HWWHU UHVXOWV ZHUH

REWDLQHG LQ WKH VOXJ WHVWV FRQGXFWHG LQ WKH DTXLIHU� . YDOXHV UDQJHG IURP ���� IRRW�GD\ WR ��� IHHW�GD\

DQG ZHUH UHODWHG WR OLWKRORJLF YDULDWLRQV DV H[SHFWHG IURP SUHYLRXV VLWH FKDUDFWHUL]DWLRQV� 7KH KLJKHU .
YDOXHV ZHUH REVHUYHG LQ ZHOOV WKDW DUH ORFDWHG LQ WKH VDQG FKDQQHO WKDW UXQV WKURXJK WKH GHHSHU UHJLRQV RI

WKH $� DTXLIHU ]RQH FRQWDLQLQJ WKH SLORW JDWH� 7KH ORZHU . YDOXHV ZHUH REVHUYHG LQ ZHOOV ORFDWHG LQ WKH

LQWHUFKDQQHO VLOW\ DQG FOD\H\ GHSRVLWV WKDW UXQ WKURXJK WKH ORFDWLRQ RI WKH IXQQHO ZDOOV�

$ UHSUHVHQWDWLYH UDQJH RI JURXQGZDWHU YHORFLW\ LQ WKH $� DTXLIHU ]RQH ZDV FDOFXODWHG WR EH ��� WR ���

IHHW�GD\� +RZHYHU� WKH WUXH UDQJH RI YHORFLWLHV LV SUREDEO\ DW WKH ORZHU HQG RI WKH UHSUHVHQWDWLYH UDQJH
ZKHQ FRQVLGHUHG RQ D VLWH�ZLGH VFDOH� %DVHG RQ WKH VLWH FKDUDFWHUL]DWLRQ LQIRUPDWLRQ� WKH JURXQGZDWHU

IORZ YHORFLW\ LQ WKH $� DTXLIHU ]RQH YDULHV GHSHQGLQJ RQ WKH K\GUDXOLF SURSHUWLHV RI WKH VHGLPHQWV LQ YHU\

ORFDOL]HG VHWWLQJV�

����� 0RIIHWW )LHOG %DUULHU 'HVLJQ� $ EHQFK�VFDOH VWXG\ �35&� ����� ZDV FRQGXFWHG WR GHWHUPLQH

WKH PRVW VXLWDEOH LURQ VRXUFH �EDWFK WHVWV� DQG WR GHWHUPLQH WKH &92& GHJUDGDWLRQ UDWH �FROXPQ WHVWV��

)LYH EDWFK WHVWV LQGLFDWHG WKDW WKH LURQ IURP 3HHUOHVV 0HWDO 3RZGHUV� ,QF� KDG WKH JUHDWHVW VXVWDLQHG
HIILFLHQF\ IRU 3&( DQG 7&( GHJUDGDWLRQ� &RQVHTXHQWO\� LURQ IURP WKLV VRXUFH ZDV XVHG LQ WKH WZR

FROXPQ WHVWV DQG ILHOG LQVWDOODWLRQ� $ ��� E\ ZHLJKW LURQ�VDQG PL[WXUH ZDV XVHG LQ ERWK FROXPQV� 7KH

FROXPQ WHVWV SURYLGHG GDWD RQ KDOI�OLYHV RI 7&( ����� WR ��� KU�� 3&( ����� WR �� KU�� FLV�����'&( ����
KU�� YLQ\O FKORULGH ���� KU�� DQG ����'&$ ���� KU�� +RZHYHU� DV DQ DGGLWLRQDO VDIHW\ PHDVXUH WR HQVXUH

WKDW WKH UHTXLUHG GHJUDGDWLRQ ZDV REWDLQHG� ���� LURQ ZDV XVHG DV WKH UHDFWLYH PHGLXP LQ WKH ILHOG

EDUULHU�



��

,Q WKH GHVLJQ SKDVH� EDVHG RQ IDFWRUV VXFK DV WKH KDOI�OLYHV IURP WKH FROXPQ WHVWV� WKH HVWLPDWHG
JURXQGZDWHU YHORFLW\� DQG WKH H[SHFWHG LQIOXHQW &92& FRQFHQWUDWLRQV� D IORZWKURXJK WKLFNQHVV RI � IW

ZDV GHWHUPLQHG IRU WKH UHDFWLYH FHOO LQ WKH SHUPHDEOH EDUULHU DW WKH 0RIIHWW )LHOG VLWH� 7KH GHVLJQ

REMHFWLYH ZDV WR UHGXFH WKH &92& FRQFHQWUDWLRQV LQ WKH UHDFWLYH FHOO HIIOXHQW WR EHORZ WKHLU UHVSHFWLYH

0&/V RU EHORZ GHWHFWLRQ� 7KH 0&/V IRU WKH &92&V RI LQWHUHVW DUH � PJ�/ �3&( DQG 7&(�� �� PJ�/

�FLV�����'&(�� DQG � PJ�/ �YLQ\O FKORULGH�� ����'&$ LV QRW D UHJXODWRU\ FRQFHUQ DW WKLV VLWH DQG GRHV QRW
KDYH D 0&/�

)LJXUHV ��� DQG ��� VKRZ WKH GHVLJQ GLPHQVLRQV RI WKH SLORW IXQQHO�DQG�JDWH V\VWHP LQVWDOOHG LQ $SULO

����� $V VHHQ LQ )LJXUH ���� WKH GHVLJQ DWWHPSWHG WR ORFDWH WKH JDWH LQ WKH VDQG FKDQQHO WR FDSWXUH WKH

EXON RI WKH FRQWDPLQDQW IORZ DQG WKH IXQQHO LQ WKH LQWHUFKDQQHO GHSRVLWV WR LQWHUFHSW PRUH �EXW QRW DOO� RI
WKH SOXPH� 7KH GHVLJQ GLG QRW UHTXLUH WKDW WKH EDUULHU EH NH\HG LQ WKH UHODWLYHO\ WKLQ $��$� DTXLWDUG WR

DYRLG EUHDFKLQJ LW� 3HD JUDYHO VHFWLRQV ZHUH DGGHG WR WKH JDWH WR EHWWHU GLVWULEXWH WKH LQIOXHQW WR DQG

HIIOXHQW IURP WKH UHDFWLYH FHOO� )LJXUHV ��� DQG ��� VKRZ WKH ORFDWLRQV DQG FRQVWUXFWLRQ RI WKH PRQLWRULQJ
ZHOOV ZLWKLQ WKH JDWH DQG LQ WKH VXUURXQGLQJ DTXLIHU�
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* Easting and Northing coordinates correspond to the California State Plane Coordinate System for zone 403.
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Explanation
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Single monitoring point screened in A2

Single monitoring point screened in A1

4-well cluster outside reactive cell

)LJXUH ���� /RFDWLRQ 0DS IRU 0RQLWRULQJ :HOOV
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����� &RQVWUXFWLRQ DQG 2SHUDWLRQ RI WKH 0RIIHWW )LHOG %DUULHU� 6OXUU\ 6\VWHPV� ,QF� ZDV
FRQWUDFWHG E\ ()$ :HVW WR FRQVWUXFW WKH SLORW EDUULHU �VHH FRYHU SKRWR�� $ EDFNKRH ZDV XVHG WR H[FDYDWH

WKH WUHQFK� 6KHHW SLOHV ZLWK VHDODEOH MRLQWV ZHUH XVHG WR IRUP WKH IXQQHO DQG WR KROG WKH VLGHV RI WKH

H[FDYDWLRQ� 6KHHW SLOHV ZHUH WHPSRUDULO\ LQVWDOOHG LQ WKH JDWH DV GLYLGHUV WR VHSDUDWH WKH SHD JUDYHO DQG

LURQ VHFWLRQV� 7KH LURQ ZDV REWDLQHG IURP 3HHUOHVV 0HWDO 3URGXFWV� ,QF� DQG ZDV LQ WKH �� WR ��� PHVK
SDUWLFOH�VL]H UDQJH� $IWHU WKH H[FDYDWHG WUHQFK ER[ ZDV FRPSOHWHG DQG WKH GLYLGHUV KDG EHHQ LQVWDOOHG� WKH
PRQLWRULQJ ZHOOV LQ WKH JDWH ZHUH VXVSHQGHG ZLWK D IUDPH� 7KH LURQ DQG SHD JUDYHO ZHUH SRXUHG LQ WKHLU

UHVSHFWLYH VHFWLRQV WKURXJK D EDJ VXVSHQGHG RQ WRS RI WKH JDWH� 7KH LURQ DQG SHD JUDYHO ZHUH SRXUHG

DURXQG WKH VWDQGLQJ ZHOOV DQG SDFNHG LQWR SODFH E\ SHUVRQQHO LQVLGH WKH WUHQFK� $ JHRV\QWKHWLF OLQHU ZDV

SODFHG RQ WRS DQG EDFNILOO ZDV DGGHG WR PDNH XS WKH JUDGH� 7KH JURXQG VXUIDFH ZDV WKHQ UHSDYHG IRU
FRQWLQXHG XVH DV D SDUNLQJ ORW� 7KH DTXLIHU ZHOOV ZHUH GULOOHG ZLWK VWDQGDUG GULOOLQJ HTXLSPHQW DQG

FRPSOHWHG ZLWK IOXVK PRXQWV WR PDLQWDLQ WKH SDUNLQJ ORW JUDGH� $IWHU FRQVWUXFWLRQ ZDV FRPSOHWHG� WKH

DVSKDOW VXUIDFH ZDV UHVWRUHG�

6WDQGDUG SUHFDXWLRQV IRU EXLOGLQJ FRQVWUXFWLRQ �KDUG KDW DQG VDIHW\ VKRHV� ZHUH XVHG GXULQJ FRQVWUXFWLRQ

�PRGLILHG /HYHO ' 6LWH�� $Q RUJDQLF YDSRU DQDO\]HU �29$� ZDV NHSW RQ KDQG WR VFUHHQ H[FDYDWHG VRLO
DQG ZHOO GHYHORSPHQW ZDWHU� EXW LW GLG QRW VKRZ DQ\ KD]DUGV WKDW ZRXOG UHTXLUH VSHFLDO SHUVRQDO

SURWHFWLYH HTXLSPHQW�

��� 3HUIRUPDQFH (YDOXDWLRQ 2EMHFWLYHV DQG WKH $VVRFLDWHG 0RQLWRULQJ 6WUDWHJ\
7KH SHUIRUPDQFH REMHFWLYHV �LQ RUGHU RI SULRULW\� IRU WKH WHFKQRORJ\ GHPRQVWUDWLRQ ZHUH DV IROORZV�

�� (QVXULQJ UHDFWLYLW\ RI WKH EDUULHU� 7KLV REMHFWLYH VHHNV WR HQVXUH WKDW WKH SRUWLRQ RI WKH &92& SOXPH

IORZLQJ WKURXJK WKH EDUULHU LV EHLQJ UHPHGLDWHG� 5HPHGLDWLRQ DW WKLV VLWH LPSOLHV UHGXFWLRQ RI 3&(�

7&(� FLV�����'&(� DQG YLQ\O FKORULGH FRQFHQWUDWLRQV WR EHORZ WKHLU UHVSHFWLYH 0&/V� 7KH SUHVHQFH

RI E\SURGXFWV RI DELRWLF UHGXFWLRQ� VXFK DV FLV�����'&(� YLQ\O FKORULGH� HWKHQH� HWKDQH� DQG PHWKDQH
LQ WKH UHDFWLYH FHOO ZHUH HYDOXDWHG DV HYLGHQFH RI GHJUDGDWLRQ� +DOI�OLYHV �RU UHDFWLRQ UDWHV� LQ WKH

ILHOG EDUULHU ZHUH HVWLPDWHG IRU WKH WDUJHW FRQWDPLQDQWV DQG FRPSDUHG WR WKH KDOI�OLYHV REWDLQHG

GXULQJ EHQFK�VFDOH WHVWV�
�� $VVHVVLQJ GRZQJUDGLHQW DTXLIHU TXDOLW\� 7KLV REMHFWLYH VHHNV WR HQVXUH WKDW QR HQYLURQPHQWDOO\

GHOHWHULRXV PDWHULDOV DUH EHLQJ LQWURGXFHG WKURXJK WKH EDUULHU LQWR WKH GRZQJUDGLHQW DTXLIHU�

3RWHQWLDO PDWHULDOV RI FRQFHUQ DUH GLVVROYHG LURQ �HPDQDWLQJ IURP WKH UHDFWLYH FHOO� DQG ELRORJLFDO

JURZWK� ,URQ LV VXEMHFW WR D VHFRQGDU\ GULQNLQJ ZDWHU OLPLW RI ��� PJ�/� %LRORJLFDO JURZWK FRXOG EH
VWLPXODWHG E\ WKH DQDHURELF FRQGLWLRQV FUHDWHG LQ WKH GRZQJUDGLHQW DTXLIHU E\ ZDWHU IORZLQJ WKURXJK

WKH VWURQJO\ UHGXFLQJ LURQ FHOO� &KORULGH DQG S+ ZHUH DOVR PHDVXUHG LQ WKH UHDFWLYH FHOO HIIOXHQW DQG

GRZQJUDGLHQW DTXLIHU�
�� $VVHVVLQJ K\GUDXOLF FDSWXUH HIILFLHQF\ RI WKH EDUULHU� 7KLV REMHFWLYH VHHNV WR DVVHVV WKH HIILFLHQF\ RI

JURXQGZDWHU FDSWXUH� ,V WKH ILHOG EDUULHU FDSWXULQJ WKH WDUJHWHG SRUWLRQ RI WKH JURXQGZDWHU LQ WKH

GHVLJQ" 7KLV LQFOXGHV HQVXULQJ WKDW WKH YROXPH RI ZDWHU IORZLQJ WKURXJK WKH EDUULHU LV HTXLYDOHQW WR
WKDW HVWLPDWHG LQ WKH GHVLJQ� DV ZHOO DV HQVXULQJ WKDW WKLV YROXPH RI ZDWHU LV FRPLQJ IURP WKH WDUJHWHG

SRUWLRQ RI WKH DTXLIHU�

�� (YDOXDWLQJ ORQJHYLW\ RI WKH EDUULHU� 3UHFLSLWDWHV IRUPHG WKRXJK WKH LQWHUDFWLRQ EHWZHHQ WKH LURQ

PHGLXP DQG WKH QDWLYH LQRUJDQLF FRQVWLWXHQWV �H�J�� FDOFLXP� GLVVROYHG R[\JHQ� DQG DONDOLQLW\� RI WKH
JURXQGZDWHU PD\� RYHU D SHULRG RI WLPH� GHSRVLW RQ WKH LURQ VXUIDFHV LQ WKH UHDFWLYH FHOO� 6XFK

GHSRVLWV FRXOG SRWHQWLDOO\ DIIHFW ERWK WKH UHDFWLYLW\ DQG K\GUDXOLF SHUIRUPDQFH RI WKH EDUULHU� 7KLV

REMHFWLYH VHHNV WR HYDOXDWH WKH W\SH DQG GHJUHH RI VXFK SUHFLSLWDWLRQ DQG LWV LPSDFW RQ WKH ORQJ�WHUP
SHUIRUPDQFH RI WKH EDUULHU�

�� (VWLPDWLQJ FRVW RI WKH EDUULHU DSSOLFDWLRQ� 7KH FDSLWDO FRVWV IRU WKH SLORW EDUULHU ZHUH QRWHG GXULQJ

FRQVWUXFWLRQ� 7KH FDSLWDO DQG 2	0 FRVWV IRU D SURSRVHG IXOO�VFDOH DSSOLFDWLRQ ZHUH HVWLPDWHG DQG
FRPSDUHG WR WKH FRVWV RI DQ HTXLYDOHQW SXPS�DQG�WUHDW V\VWHP�
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��� 6DPSOLQJ DQG $QDO\VLV 3URFHGXUHV
7KH SHUIRUPDQFH PRQLWRULQJ SODQ ZDV GHVLJQHG VXFK WKDW VDPSOLQJ DFWLYLWLHV ZRXOG FRUUHVSRQG ZLWK HDFK

RI WKH VWXG\©V REMHFWLYHV� 7KH IROORZLQJ VHFWLRQV VXPPDUL]H WKH VDPSOLQJ DQG DQDO\VLV DFWLYLWLHV�

����� 0RQLWRULQJ )UHTXHQF\� 7DEOH ��� VXPPDUL]HV WKH VDPSOLQJ VFKHGXOH IRU DOO RI WKH DQDO\WHV�
:DWHU VDPSOHV ZHUH FROOHFWHG RQ DSSUR[LPDWHO\ D TXDUWHUO\ EDVLV �RYHU ILYH TXDUWHUV� IRU FKHPLFDO

DQDO\VLV� 'XULQJ HDFK VDPSOLQJ HYHQW� WKH H[LVWLQJ ZHOOV LQ WKH UHDFWLYH FHOO� SHD JUDYHO� DQG LQ WKH

LPPHGLDWH YLFLQLW\ RI WKH DTXLIHU ZHUH VDPSOHG� 0HDVXUHPHQWV RI ILHOG SDUDPHWHUV ZHUH XVXDOO\
SHUIRUPHG ZLWKLQ � ZHHN RI VDPSOH FROOHFWLRQ VR WKDW WKH YDULRXV NLQGV RI PHDVXUHPHQWV FRXOG EH

JDWKHUHG ZLWKLQ D VKRUW SHULRG RI WLPH�

7DEOH ���� 0RQLWRULQJ )UHTXHQF\

6DPSOLQJ 6FKHGXOH
�D�

3DUDPHWHU 7\SH $QDO\WHV -XQ��� 6HS��� -DQ��� $SU��� 2FW���

)LHOG SDUDPHWHUV :DWHU OHYHO� S+� JURXQGZDWHU WHPSHUDWXUH� (K� '2 ✔ ✔ ✔ ✔ ✔
&92&V ✔ ✔ ✔ ✔ ✔9RODWLOH RUJDQLF

FRPSRXQGV 'LVVROYHG K\GURFDUERQ JDVHV �+� &2�� PHWKDQH�

HWKDQH� HWKHQH� DFHW\OHQH� DQG SURSDQH� ✔ ✔

,QRUJDQLFV DQG

QHXWUDOV

0HWDOV �.� 1D� &D� 0J� DQG )H�

$QLRQV �12�� 62�� &O� %U� )� VXOILGH� DONDOLQLW\�

1HXWUDOV �7'6� 766� 72&� '2&�
✔ ✔ ✔ ✔ ✔

:DWHU HOHYDWLRQV :DWHU OHYHO PHDVXUHPHQWV ��� WRWDO HYHQWV� ✔ ✔ ✔ ✔ ✔
&RQWLQXRXV

PRQLWRULQJ

:DWHU OHYHO� S+� WHPSHUDWXUH� (K
✔ ✔

5HDFWLYH FHOO FRUH

VDPSOHV

;5'� 6(0� ('6� 5DPDQ VSHFWURVFRS\� PLFURELDO

DQDO\VLV
�E� ✔

�D� *URXQGZDWHU VDPSOLQJ IRU &92& DQDO\VLV FRQGXFWHG LQ $SULO ���� ZDV UHSHDWHG LQ -XO\ ���� WR HQDEOH WKH
VXEFRQWUDFW DQDO\WLFDO ODERUDWRU\ WR DFKLHYH EHWWHU GHWHFWLRQ OLPLWV� ,URQ FRUH VDPSOHV ZHUH FROOHFWHG LQ

'HFHPEHU �����

�E� ,Q DGGLWLRQ WR WKH FRUHV FROOHFWHG IURP WKH UHDFWLYH FHOO� RQH FRUH ZDV FROOHFWHG IURP WKH GRZQJUDGLHQW DTXLIHU

IRU PLFURELDO DQDO\VLV�

7'6  WRWDO GLVVROYHG VROLGV

766  WRWDO VXVSHQGHG VROLGV

72&  WRWDO RUJDQLF FDUERQ

'2&  GLVVROYHG RUJDQLF FDUERQ

;5'  [�UD\ GLIIUDFWLRQ

6(0  VFDQQLQJ HOHFWURQ PLFURVFRS\

('6  HQHUJ\ GLVSHUVLYH VSHFWURVFRS\

$IWHU WKH ILIWK TXDUWHU RI ZDWHU VDPSOLQJ� FRUH VDPSOHV RI WKH LURQ LQ WKH UHDFWLYH FHOO ZHUH FROOHFWHG� $

FRUH VDPSOH RI VRLO IURP WKH GRZQJUDGLHQW DTXLIHU ZDV DOVR FROOHFWHG WR HYDOXDWH SRVVLEOH ELRORJLFDO

DFWLYLW\ UHVXOWLQJ IURP WKH DQDHURELF FRQGLWLRQV FUHDWHG E\ WKH EDUULHU�

����� *URXQGZDWHU 6DPSOLQJ DQG $QDO\VLV� *URXQGZDWHU VDPSOLQJ SURYLGHV HVVHQWLDO LQIRUPDWLRQ

RQ ZDWHU PRYHPHQW� RUJDQLF FRQWDPLQDQW OHYHOV� DQG LQRUJDQLF FKHPLVWU\ QHHGHG WR XQGHUVWDQG DQG PRGHO
WKH SHUIRUPDQFH RI WKH SHUPHDEOH EDUULHU� *URXQGZDWHU VDPSOHV ZHUH FROOHFWHG DQG SUHSDUHG IRU ODERUDWRU\

FKHPLFDO DQDO\VLV� ILHOG SDUDPHWHUV ZHUH DQDO\]HG RQ VLWH� 7DEOH ��� OLVWV WKH SDUDPHWHUV WKDW ZHUH

PHDVXUHG LQ WKH ZHOOV LQ DQG DURXQG WKH SHUPHDEOH EDUULHU� 6DPSOHV IRU GHWHUPLQDWLRQ RI &92&V�
LQRUJDQLF DQDO\WHV� DQG ILHOG SDUDPHWHUV ZHUH REWDLQHG IURP DOO ZHOOV LQ WKH SHUPHDEOH EDUULHU DQG YLFLQLW\�

6DPSOHV IRU GHWHUPLQDWLRQ RI GLVVROYHG JDVHV DQG FHUWDLQ DGGLWLRQDO DQDO\WHV ZHUH REWDLQHG SULPDULO\ IURP

ORQJHU VFUHHQHG ZHOOV WR UHGXFH WKH WRWDO YROXPH RI ZDWHU UHPRYHG IURP WKH VKRUW�VFUHHQ ZHOOV�
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������� *URXQGZDWHU 6DPSOLQJ 3URFHGXUHV� 7KH PDLQ FKDOOHQJH LQ FROOHFWLQJ JURXQGZDWHU VDPSOHV
ZDV WR PLQLPL]H WKH LPSDFW RI VDPSOLQJ RQ IORZ WKURXJK WKH SHUPHDEOH EDUULHU� :DWHU ZLWKGUDZDO GXULQJ

VDPSOLQJ FDQ OHDG WR IDVWHU IORZ DQG UHGXFHG UHVLGHQFH WLPH RI JURXQGZDWHU LQ WKH UHDFWLYH PHGLXP� 7R

SUHYHQW DUWLILFLDO JUDGLHQWV� ZDWHU VDPSOHV ZHUH H[WUDFWHG DW ORZ IORZUDWHV XVLQJ DQ DERYHJURXQG

SHULVWDOWLF SXPS� $OVR� WR PLQLPL]H GLVUXSWLRQ RI QRUPDO IORZ WKURXJK WKH EDUULHU� VXFFHVVLYH VDPSOHV
ZHUH FROOHFWHG LQ GLIIHUHQW SDUWV RI WKH EDUULHU� UDWKHU WKDQ IURP QHLJKERULQJ ZHOOV�

������� *URXQGZDWHU $QDO\VLV 0HWKRGV� 7DEOH ��� OLVWV WKH VWDQGDUG DQDO\WLFDO PHWKRGV XVHG IRU WKH

JURXQGZDWHU VDPSOHV FROOHFWHG GXULQJ WKH TXDUWHUO\ VDPSOLQJ HYHQWV� ,QGLYLGXDO SDUDPHWHUV DUH JURXSHG

DFFRUGLQJ WR ILHOG PHDVXUHPHQWV� RUJDQLF DQDO\WHV� DQG LQRUJDQLF DQDO\WHV� 7KH SULPDU\ SXUSRVH RI WDNLQJ

ILHOG SDUDPHWHU PHDVXUHPHQWV LV WR PRQLWRU FKHPLFDO FRQGLWLRQV ZLWKLQ WKH UHDFWLYH FHOO WKDW FDQ DIIHFW LWV
SHUIRUPDQFH� 7KHUHIRUH� ZDWHU WHPSHUDWXUH� S+� (K� DQG '2 ZHUH PHDVXUHG DW HYHU\ ZHOO ORFDWLRQ� 7R

REWDLQ DFFXUDWH UHDGLQJV� WKH ILHOG SDUDPHWHUV ZHUH PHDVXUHG XVLQJ VXLWDEOH GRZQ�KROH SUREHV�

7KH &92&V RI SULPDU\ LQWHUHVW DUH WKH FKORULQDWHG K\GURFDUERQV �(3$ 0HWKRG ����� DQG OLJKW

K\GURFDUERQV �(3$ 0HWKRG ������ LQFOXGLQJ K\GURJHQ JDV� FDUERQ GLR[LGH� PHWKDQH� HWKDQH� HWKHQH�

DFHW\OHQH� DQG SURSDQH� 7KHVH &92& DQDO\VHV ZHUH SHUIRUPHG WR KHOS LGHQWLI\ WKH GLVWULEXWLRQ RI
FRQWDPLQDQWV LQ DQG DURXQG WKH SHUPHDEOH EDUULHU� DV ZHOO DV SRWHQWLDO E\SURGXFWV RI GHJUDGDWLRQ�

7DEOH ���� $QDO\WLFDO 5HTXLUHPHQWV IRU *URXQGZDWHU 6DPSOHV

3DUDPHWHU &ULWLFDO

$QDO\VLV

0HWKRG

6DPSOH

9ROXPH

6WRUDJH

&RQWDLQHU 3UHVHUYDWLRQ

6DPSOH

+ROGLQJ

7LPH

)LHOG 3DUDPHWHUV

:DWHU /HYHO <HV 'RZQ�KROH SUREH 1RQH 1RQH 1RQH 1RQH

S+ <HV 'RZQ�KROH SUREH 1RQH 1RQH 1RQH 1RQH

:DWHU 7HPSHUDWXUH <HV 'RZQ�KROH SUREH 1RQH 1RQH 1RQH 1RQH

(K <HV 'RZQ�KROH SUREH 1RQH 1RQH 1RQH 1RQH

'2 1R 'RZQ�KROH SUREH 1RQH 1RQH 1RQH 1RQH

2UJDQLF $QDO\WHV

&92&V <HV (3$ ���� � u �� P/ 92$ 9LDO �q&� S+�� �+&O� �� G

'LVVROYHG *DVHV 1R (3$ ���� � u �� P/ 92$ 9LDO �q&� S+�� �+&O� �� G

,QRUJDQLF $QDO\WHV

&DWLRQV

.� 1D� &D� 0J� )H <HV (3$ ����� ��� P/ 3RO\HWK\OHQH )LOWHU� �q&� S+��

�+12��

��� G

$QLRQV

12�� 62�� &O� %U� ) <HV (3$ ����� ��� P/ 3RO\HWK\OHQH �q& � G

$ONDOLQLW\ <HV (3$ ����� ��� P/ 3RO\HWK\OHQH �q& �� G

6XOILGH <HV (3$ ���� ��� P/ 3RO\HWK\OHQH �q& �� G

1HXWUDOV

7'6 1R (3$ ����� ��� P/ 3RO\HWK\OHQH �q& � G

766 1R (3$ ����� ��� P/ 3RO\HWK\OHQH �q& � G

72& 1R (3$ ����� �� P/ 3RO\HWK\OHQH �q&� S+ �� �+�62�� � G

'2& 1R (3$ ����� �� P/ 3RO\HWK\OHQH �q&� S+ �� �+�62�� � G

����� &RUH 6DPSOH &ROOHFWLRQ 0HWKRGV� $V RXWOLQHG LQ WKH SHUIRUPDQFH PRQLWRULQJ SODQ� DW WKH HQG
RI WKH PRQLWRULQJ SHULRG �DSSUR[LPDWHO\ �� PRQWKV DIWHU LQVWDOODWLRQ RI WKH EDUULHU�� D IHZ FRUH VDPSOHV

ZHUH FROOHFWHG IURP ZLWKLQ WKH UHDFWLYH FHOO WR ORRN IRU VLJQV RI LURQ HQFUXVWDWLRQ� SUHFLSLWDWH IRUPDWLRQ�
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DQG PLFURELDO JURZWK� 7KHVH FRQGLWLRQV KDYH WKH SRWHQWLDO WR UHGXFH WKH HIILFLHQF\ RI WKH SHUPHDEOH
EDUULHU E\ UHVWULFWLQJ IORZ WKURXJK WKH JDWH DQG UHGXFLQJ UHVLGHQFH WLPH LQ WKH UHDFWLYH FHOO� 7KH\ DOVR

DIIHFW WKH ORQJHYLW\ RI WKH EDUULHU DQG KHQFH WKH RSHUDWLQJ FRVWV� $V VKRZQ LQ )LJXUH ���� FRUH VDPSOHV

ZHUH WDNHQ DW VHYHUDO ORFDWLRQV ZLWKLQ WKH UHDFWLYH FHOO WR REWDLQ DGHTXDWH VSDWLDO LQIRUPDWLRQ DERXW

SRVVLEOH FKDQJHV LQ WKH JUDQXODU LURQ PHGLXP� $ VLQJOH FRUH ZDV WDNHQ IURP WKH GRZQJUDGLHQW DTXLIHU WR
HYDOXDWH PLFURELDO JURZWK LQ WKH SRUWLRQ RI WKH DTXLIHU LQIOXHQFHG E\ WKH UHDFWLYH FHOO� $OO FRUHV ZHUH

PDLQWDLQHG DW ORZ WHPSHUDWXUHV ��q&� XQGHU DQDHURELF FRQGLWLRQV XQWLO WKH\ ZHUH VXEVHFWLRQHG �E\ GHSWK�
IRU DQDO\VLV� (DFK VXEVHFWLRQ ZDV KRPRJHQL]HG� VSOLW� DQG VDPSOHG LQ DQ DQDHURELF FKDPEHU� 7KH

VDPSOHV ZHUH WKHQ DQDO\]HG�
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7KH GHVLJQ�SHUIRUPDQFH REMHFWLYHV RI WKH SLORW�VFDOH EDUULHU LQVWDOODWLRQ DW 0RIIHWW )LHOG ZHUH �D� WR YHULI\

WKDW WKH JURXQGZDWHU HIIOXHQW IURP WKH UHDFWLYH FHOO PHW 0&/V �RU ZDV EHORZ GHWHFWLRQ OHYHOV� IRU WKH

WDUJHW &92& FRQWDPLQDQWV� DQG �E� WR YHULI\ WKDW WKH IXQQHO�DQG�JDWH V\VWHP ZDV FDSWXULQJ JURXQGZDWHU
IORZLQJ DFURVV WKH HQWLUH ZLGWK RI WKH VDQG FKDQQHO DQG SDUW RI WKH ZLGWK RI WKH LQWHU�FKDQQHO GHSRVLWV RQ

HLWKHU VLGH RI WKH VDQG FKDQQHO�

��� 'HJUDGDWLRQ RI &RQWDPLQDQWV LQ WKH *DWH

����� 'HJUDGDWLRQ RI 7&(� FLV���� '&(� 3&(� DQG 9LQ\O &ORULGH�� &RQFHQWUDWLRQV RI &92&V IRU

WKH ILYH PRQLWRULQJ HYHQWV DUH SUHVHQWHG LQ WKH IXOO UHSRUW �%DWWHOOH� ����G�� 7LPH WUHQGV LQ WKH

FRQFHQWUDWLRQV RI 7&(� DQG FLV�����'&( LQ WKH SHUPHDEOH EDUULHU DQG QHDUE\ ZHOOV RYHU ILYH TXDUWHUV DUH
VKRZQ JUDSKLFDOO\ IRU IRXU UHSUHVHQWDWLYH ZHOOV LQ )LJXUHV ��� DQG ���� 7KHVH VHOHFWHG ZHOOV OLH DORQJ WKH

FHQWHUOLQH WKURXJK WKH JDWH LQ WKH JHQHUDO GLUHFWLRQ RI JURXQGZDWHU IORZ�

)LJXUH ��� VKRZV WKDW 7&( FRQFHQWUDWLRQ LQFUHDVHG VWHDGLO\ LQ WKH :,&�� DTXLIHU ZHOO IURP ����� PJ�/ LQ

-XQH ���� WR ����� PJ�/ LQ 2FWREHU ����� &RQVHTXHQWO\� 7&( FRQFHQWUDWLRQV LQ WKH XSJUDGLHQW SHD

JUDYHO ZHOO �::��&� VKRZHG DQ LQFUHDVLQJ WUHQG IURP ��� WR ����� PJ�/� &RQFHQWUDWLRQV RI 7&( DUH
VRPHZKDW ORZHU LQ WKH SHD JUDYHO WKDQ LQ WKH XSJUDGLHQW DTXLIHU� ZKLFK LV WKRXJKW WR EH GXH LQ SDUW WR

KRUL]RQWDO DQG YHUWLFDO PL[LQJ RI WKH KHWHURJHQHRXVO\ GLVWULEXWHG FRQWDPLQDWLRQ HQWHULQJ WKURXJK WKH
LQIOXHQW JURXQGZDWHU� $QRWKHU SRVVLEOH H[SODQDWLRQ LV WKDW D VPDOO DPRXQW RI LURQ PD\ KDYH EHFRPH

PL[HG LQWR WKH SHD JUDYHO GXULQJ FRQVWUXFWLRQ� UHVXOWLQJ LQ OLPLWHG GHJUDGDWLRQ RI WKH FRQWDPLQDQWV WKHUH�

,Q ERWK WKH UHDFWLYH FHOO ZHOOV �::��& DQG ::��&� LQ )LJXUH ���� 7&( LV EHORZ LWV 0&/ �� PJ�/� LQ
HYHU\ TXDUWHU� H[FHSW -XQH ����� ::��& LV ORFDWHG DSSUR[LPDWHO\ � IHHW LQWR WKH UHDFWLYH FHOO DQG ::�
�& LV ORFDWHG DSSUR[LPDWHO\ � IHHW LQWR WKH UHDFWLYH FHOO� 7KH UHODWLYHO\ KLJKHU 7&( FRQFHQWUDWLRQV LQ

-XQH ���� DUH SUREDEO\ GXH WR XQVWHDG\�VWDWH FRQGLWLRQV ZLWKLQ WKH UHDFWLYH FHOO� ZKLFK KDG MXVW EHHQ

FRQVWUXFWHG � PRQWKV HDUOLHU� )DFWRUV OHDGLQJ WR XQVWHDG\�VWDWH RSHUDWLRQ LQFOXGH DGVRUSWLRQ�GHVRUSWLRQ
RQ WKH LURQ VXUIDFHV� UHVLGXDO FRQWDPLQDWLRQ LQ WKH UHDFWLYH FHOO IURP FRQVWUXFWLRQ DFWLYLWLHV� DQG

FRQWDPLQDWLRQ HQWHULQJ IURP WKH GRZQJUDGLHQW DTXLIHU� ,W VKRXOG EH QRWHG WKDW WKH EDUULHU ZDV FRQVWUXFWHG

ZLWKLQ WKH SOXPH ERXQGDULHV� $IWHU WKH LQLWLDO VDPSOLQJ HYHQW LQ -XQH ����� WKHUH ZHUH QR RWKHU

RFFXUUHQFHV RI VXFK HOHYDWHG 7&( FRQFHQWUDWLRQV LQ WKH LURQ ]RQH� )XUWKHUPRUH� WKH IDFW WKDW 7&( LV
UHGXFHG EHORZ GHWHFWLRQ LQ ::��& LQGLFDWHV WKDW PRUH WKDQ VXIILFLHQW UHVLGHQFH WLPH LV DYDLODEOH ZLWKLQ

WKH UHDFWLYH FHOO WR GHJUDGH 7&( ZHOO EHORZ LWV 0&/�

)LJXUH ��� LOOXVWUDWHV WKH WUHQG LQ FLV�����'&( RYHU WKH SHUIRUPDQFH PRQLWRULQJ SHULRG� 7KLV ILJXUH

VKRZV WKDW FLV�����'&( FRQFHQWUDWLRQV KDYH UHPDLQHG IDLUO\ FRQVWDQW DW HDFK RI WKH ZHOO ORFDWLRQV GXULQJ

WKH ���PRQWK SHULRG� ,W DOVR LQGLFDWHV WKDW FLV�����'&( GHJUDGHV PRUH VORZO\ WKDQ 7&(� DV WKHUH LV D
PXFK ZLGHU GLIIHUHQFH EHWZHHQ FRQFHQWUDWLRQV LQ WKH WZR UHDFWLYH FHOO ZHOOV �::��& DQG ::��&� LQ

)LJXUH ��� WKHQ LV VHHQ LQ )LJXUH ���� +RZHYHU� FLV�����'&( FRQFHQWUDWLRQV DUH DOZD\V EHORZ WKH 0&/

��� PJ�/� LQ ::��&� ZKLFK LV IXUWKHU DORQJ WKH JURXQGZDWHU IORZ GLUHFWLRQ�

$V ZLWK 7&( DQG FLV�����'&(� 3&( ZDV UHGXFHG WR ZHOO EHORZ LWV 0&/ �DQG EHORZ GHWHFWLRQ� LQ WKH

UHDFWLYH FHOO HIIOXHQW� /RZ OHYHOV �� PJ�/� RI YLQ\O FKORULGH ZHUH RQO\ GHWHFWHG LQ WKH ILUVW URZ RI ZHOOV
�::��� LQVLGH WKH UHDFWLYH FHOO� LQGLFDWLQJ WKDW LW LV JHQHUDWHG GXULQJ WKH GHJUDGDWLRQ RI 3&(� 7&(� DQG
FLV�����'&(� EXW LV LWVHOI UHGXFHG WR EHORZ GHWHFWLRQ LQ WKH UHDFWLYH FHOO HIIOXHQW�
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)LJXUH ���� &RQFHQWUDWLRQV RI 7&( LQ )RXU 0RQLWRULQJ :HOOV
'XULQJ WKH 3HUIRUPDQFH 0RQLWRULQJ 3HULRG

)LJXUH ���� &RQFHQWUDWLRQV RI FLV�����'&( LQ )RXU 0RQLWRULQJ :HOOV

'XULQJ WKH 3HUIRUPDQFH 0RQLWRULQJ 3HULRG
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����� 'HJUDGDWLRQ RI 2WKHU &92&V� 7KH FRQFHQWUDWLRQ RI &)&���� UDQJHV IURP QRQGHWHFWDEOH WR

DURXQG �� PJ�/ LQ PRVW RI WKH XSJUDGLHQW $� DTXLIHU ]RQH DQG SHD JUDYHO ZHOOV� DQG LV EHORZ GHWHFWLRQ

�� PJ�/� LQ WKH UHDFWLYH FHOO ZHOOV� 7KLV UHVXOW LQGLFDWHV FRPSOHWH GHVWUXFWLRQ RI &)&���� LQ WKH UHDFWLYH

EDUULHU� 6LPLODUO\� ����'&( LV DSSUR[LPDWHO\ �� WR �� PJ�/ LQ WKH XSJUDGLHQW DTXLIHU DQG SHD JUDYHO ZHOOV

DQG LV EHORZ GHWHFWLRQ ���� PJ�/� LQ WKH UHDFWLYH FHOO� +RZHYHU� ����'&$ FRQFHQWUDWLRQV DUH �� WR ��

PJ�/ LQ WKH XSJUDGLHQW DTXLIHU DQG SHD JUDYHO ZHOOV DQG UHPDLQ GHWHFWDEOH �� WR �� PJ�/� LQ WKH
GRZQJUDGLHQW SRUWLRQ RI WKH UHDFWLYH FHOO� ����'&$ LV SRVVLEO\ WKH PRVW UHVLVWDQW FRPSRXQG WR UHGXFWLYH

GHFKORULQDWLRQ LQ WKH WUHDWPHQW ]RQH� +RZHYHU� ����'&$ KDV QR UHJXODWRU\ 0&/ DQG LV QRW SHUFHLYHG DV

DQ HQYLURQPHQWDO FRQFHUQ DW WKH VLWH�

����� 'HJUDGDWLRQ 5DWH &RQVWDQWV DQG +DOI�/LYHV� 7KH GHFKORULQDWLRQ HIILFLHQF\ RI WKH EDUULHU FDQ
EH FKDUDFWHUL]HG E\ HVWLPDWLQJ WKH UHDFWLRQ UDWH FRQVWDQWV DQG KDOI�OLYHV RI WKH FRQWDPLQDQWV LQ WKH ILHOG

V\VWHP� 'HJUDGDWLRQ UDWH FRQVWDQWV ZHUH FDOFXODWHG IRU WKH 7&(� FLV�����'&(� DQG ����'&$ DV GHVFULEHG

EHORZ� 2WKHU FRPSRXQGV GHJUDGHG WRR IDVW DQG UDWHV FRXOG QRW EH HVWLPDWHG IRU WKHP�

5DWKHU WKDQ UHO\LQJ RQ FRQFHQWUDWLRQ GDWD IURP LQGLYLGXDO ZHOOV� ZKLFK PD\ EH VXEMHFW WR ORFDO IORZ

DQRPDOLHV DQG RWKHU XQFHUWDLQWLHV� DYHUDJH FRQFHQWUDWLRQV ZHUH HVWLPDWHG IRU ILYH YROXPH VOLFHV

SHUSHQGLFXODU WR WKH JURXQGZDWHU IORZ WKURXJK WKH JDWH� 7KH YROXPH VOLFHV ZHUH FUHDWHG E\ GLYLGLQJ WKH
JDWH LQWR ILYH ��IRRW�WKLFN VHFWLRQV� 9ROXPHV � DQG � DUH WKH XSJUDGLHQW DQG GRZQJUDGLHQW SHD JUDYHO�

UHVSHFWLYHO\� 9ROXPHV � WKURXJK � DUH LQ WKH UHDFWLYH FHOO� (DFK YROXPH VHFWLRQ LV �� IHHW ZLGH �VDPH DV

WKH JDWH ZLGWK� DQG H[WHQGV IURP �� IHHW DERYH PVO WR � IHHW EHORZ PVO� 0DVVHV RI FRQWDPLQDQWV ZHUH

FDOFXODWHG XVLQJ (DUWK9LVLRQ� VRIWZDUH E\ VXPPLQJ �LQWHJUDWLQJ� LVRSOHWKV �FRQFHQWUDWLRQ UDQJHV� RYHU
HDFK YROXPH VHFWLRQ� ,VRSOHWKV ZHUH FKRVHQ WR SURYLGH D EURDG GLVWULEXWLRQ RI FRQFHQWUDWLRQ FRQWRXUV�

$YHUDJH FRQFHQWUDWLRQV LQ HDFK VHFWLRQ ZHUH WKHQ FDOFXODWHG E\ GLYLGLQJ WKH LQWHJUDWHG PDVV E\ WKH YROXPH�

7DEOH ��� VKRZV WKH FDOFXODWHG DYHUDJH FRQFHQWUDWLRQ ZLWKLQ HDFK YROXPH VHFWLRQ� $V H[SHFWHG�

FRQFHQWUDWLRQV GHFOLQHG IURP YROXPH � WR YROXPH � LQ WKH GLUHFWLRQ RI JURXQGZDWHU IORZ WKURXJK WKH

UHDFWLYH FHOO� 9ROXPH � GDWD ZHUH LJQRUHG LQ WKH FDOFXODWLRQV EHFDXVH &92& FRQFHQWUDWLRQV VWDUW WR
UHERXQG LQ WKH GRZQJUDGLHQW SHD JUDYHO� ZKHUH ZDWHU IURP WKH GRZQJUDGLHQW �FRQWDPLQDWHG� DTXLIHU LV

GUDZQ LQ GXH WR WKH VKDUS SHUPHDELOLW\ FRQWUDFW DQG PLQHU ZLWK WKH WUHDWHG HIIOXHQW IURP WKH UHDFWLYH FHOO�

5HVXOWV RI WKH UDWH FRQVWDQW DQG KDOI�OLIH FDOFXODWLRQV DUH WDEXODWHG LQ 7DEOH ���� ,W FDQ EH VHHQ WKDW KLJKHU
HVWLPDWHV RI JURXQGZDWHU IORZ YHORFLW\ LQ WKH UHDFWLYH FHOO OHDGV WR KLJKHU HVWLPDWHV RI N DQG ORZHU

HVWLPDWHV RI W×� 7DEOH ��� DOVR VKRZV WKH KDOI�OLYHV HVWLPDWHG GXULQJ EHQFK�VFDOH WHVWLQJ �35&� ������ WKH

EHQFK�VFDOH UHVXOWV ZHUH DGMXVWHG IRU ���� JUDQXODU LURQ XVHG LQ WKH ILHOG EDUULHU DV RSSRVHG WR WKH �����
LURQ�VDQG PL[WXUH XVHG LQ WKH EHQFK WHVWV �VHH IRRWQRWH �E� LQ WKH WDEOH�� ,W FDQ EH VHHQ WKDW IRU D IORZ

YHORFLW\ EHWZHHQ ��� DQG ��� IRRW�GD\� WKHUH LV JHQHUDOO\ JRRG DJUHHPHQW EHWZHHQ WKH ILHOG DQG EHQFK�

VFDOH KDOI�OLYHV�

��� 'RZQJUDGLHQW :DWHU 4XDOLW\
'LVVROYHG LURQ FRQFHQWUDWLRQV LQ WKH UHDFWLYH FHOO DQG GRZQJUDGLHQW SHD JUDYHO ZHUH JHQHUDOO\ OHVV WKDQ

���� PJ�/� ZKLFK LV IDU EHORZ WKH VHFRQGDU\ GULQNLQJ ZDWHU VWDQGDUG RI ��� PJ�/� 7KH S+ RI WKH
JURXQGZDWHU ULVHV WR ��� '2 FRQFHQWUDWLRQ GHFOLQHV WR OHVV WKDQ � PJ�/� DQG WKH (K GHFOLQHV WR ¤��� P9

LQ WKH UHDFWLYH FHOO� +RZHYHU� WKHVH SDUDPHWHUV �S+� '2� DQG (K� UDSLGO\ UHJUHVV WR WKHLU RULJLQDO YDOXHV

DV VRRQ DV WKH ZDWHU OHDYHV WKH UHDFWLYH FHOO� ,Q IDFW� WKH UHJUHVVLRQ VWDUWV LQ WKH GRZQJUDGLHQW SHD JUDYHO
LWVHOI� LQGLFDWLQJ WKDW WKHUH LV PL[LQJ RI WUHDWHG ZDWHU DQG XQWUHDWHG ZDWHU IURP WKH DTXLIHU LQ WKH

GRZQJUDGLHQW SHD JUDYHO�
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7DEOH ���� &DOFXODWLRQ RI $YHUDJH &RQWDPLQDQW &RQFHQWUDWLRQV LQ 9ROXPHV

$YHUDJH &RQFHQWUDWLRQ ��J�/� LQ 9ROXPH 1XPEHU
�D�

0RQLWRULQJ (YHQW &RQWDPLQDQW � � � � �

-DQXDU\ ���� 7&( ��� ���� ����
�E�

����
�E�

����
�E�

FLV�����'&( ��� ���� ���� ����
�E�

����
�E�

����'&$ �� ���� ���� ���� ����
�E�

2FWREHU ���� 7&( ��� ���� ����
�E�

����
�E�

����
�E�

FLV�����'&( ��� ���� ���� ����
�E�

����
�E�

����'&$ ���� ���� ���� ���� ����
�E�

�D� 9ROXPH � LV DW WKH LQIOXHQW HQG RI WKH JDWH�

�E� ,JQRUHG LQ FDOFXODWLRQ RI UHDFWLRQ UDWH FRQVWDQW �N�� HLWKHU EHFDXVH WKLV DYHUDJH LQFOXGHV YDOXHV EHORZ

WKH GHWHFWLRQ OLPLW RU EHFDXVH LW LQFOXGHV FRQWDPLQDWLRQ IURP WKH GRZQJUDGLHQW DTXLIHU�

7DEOH ���� 5HVXOWV RI 'HJUDGDWLRQ 5DWH &DOFXODWLRQV�D�

7&( FLV�����'&( ����'&$

0RQLWRULQJ (YHQW

(VWLPDWHG )ORZ

9HORFLW\

�IHHW�GD\�
N �KU

��
� W��� �KU� N �KU

��
� W��� �KU� N �KU

��
� W��� �KU�

-DQXDU\ ���� ��� ���� ��� ���� ��� ���� ���

��� ��� ���� ���� ���� ���� ���

� ��� ���� ��� ���� ���� ���

� ��� ���� ��� ���� ��� ����

2FWREHU ���� ��� ���� ��� ���� ��� ���� ���

��� ��� ��� ���� ���� ���� ���

� ��� ��� ��� ���� ���� ���

� ��� ��� ��� ���� ���� ����

%HQFK�VFDOH WHVW UHVXOWV
�E�

��� ���� ���� ��� ���� ���

�D� 'HWHUPLQDWLRQ RI UDWH FRQVWDQWV �N� GHSHQGV RQ JURXQGZDWHU IORZ YHORFLW\� 9HORFLWLHV DQG UDWH FDOFXODWLRQV IRU

WKH EROGHG DPRXQWV DUH FRQVLVWHQW ZLWK EHQFK�VFDOH UHVXOWV LQ WKH ODVW URZ RI WKH WDEOH�

�E� 5DWH FRQVWDQWV �N� DQG KDOI�OLYHV �W�� ZHUH FDOFXODWHG IURP EHQFK�VFDOH GDWD �35&� ������ 7KH UDWH FRQVWDQWV

VKRZQ LQ WKLV WDEOH DUH ��� WLPHV WKRVH REWDLQHG LQ WKH FROXPQ WHVWV� ZKHUH D ����� �E\ PDVV� PL[WXUH RI

LURQ�VDQG ZDV XVHG�

��� +\GUDXOLF 3HUIRUPDQFH
7KH K\GUDXOLF HYDOXDWLRQ RI WKH 0RIIHWW )LHOG SHUPHDEOH EDUULHU FRQVLVWHG RI D YDULHW\ RI PHDVXUHPHQWV

XVLQJ ZDWHU OHYHOV� GRZQ�KROH JURXQGZDWHU YHORFLW\ SUREHV� VOXJ WHVWV� DQG WUDFHU WHVWV� %DVHG RQ WKHVH

PHDVXUHPHQWV� WKH IROORZLQJ FRQFOXVLRQV FDQ EH PDGH�

� 7KH HVWLPDWHG FDSWXUH ]RQH LV DERXW �� IW ZLGH� DQG HQFRPSDVVHV WKH HQWLUH ZLGWK RI WKH VDQG

FKDQQHO DQG SDUW RI WKH LQWHUFKDQQHO GHSRVLWV RQ HLWKHU VLGH DORQJ WKH IXQQHO ZDOOV� 7KLV HVWLPDWH

ZDV EDVHG RQ WKH HVWLPDWHG JURXQGZDWHU YHORFLWLHV� SRURVLWLHV� DQG GLPHQVLRQV RI WKH EDUULHU DQG
DTXLIHU�

� 7KH HVWLPDWHG JURXQGZDWHU YHORFLW\ UDQJH WKURXJK WKH UHDFWLYH FHOO LV EHWZHHQ ��� WR � IW�GD\�
7KLV SURYLGHV D UHVLGHQFH WLPH RI DW OHDVW � GD\V LQ WKH UHDFWLYH FHOO� YHUVXV WKH GHVLJQ UHTXLUHPHQW

RI � GD\V�

� 7KH K\GUDXOLF SHUIRUPDQFH RI WKH EDUULHU LV ZLWKLQ WKH GHVLJQ H[SHFWDWLRQV�



��

��� *HRFKHPLVWU\ DQG (YDOXDWLRQ RI /RQJHYLW\
7DEOH ��� VXPPDUL]HV WKH JHRFKHPLFDO SDUDPHWHUV PHDVXUHG LQ WKH YLFLQLW\ RI WKH SHUPHDEOH EDUULHU�

5HGXFWLRQV LQ WKH FRQFHQWUDWLRQV RI FDOFLXP� PDJQHVLXP� DONDOLQLW\� DQG VXOIDWH DV WKH JURXQGZDWHU SDVVHV

WKURXJK WKH UHDFWLYH FHOO LQGLFDWH WKH IRUPDWLRQ RI SUHFLSLWDWHV� ,W LV XQFOHDU KRZHYHU� KRZ PXFK RI WKH

SUHFLSLWDWH VWD\V LQ WKH UHDFWLYH FHOO DQG KRZ PXFK PRYHV RXW E\ FROORLGDO WUDQVSRUW� ,URQ FRUH VDPSOHV
ZHUH FROOHFWHG DIWHU �� PRQWKV RI RSHUDWLRQ DQG VXEMHFWHG WR DFLG GLJHVWLRQ DQG FKHPLFDO DQDO\VLV� [�UD\

GLIIUDFWLRQ� 5DPDQ VSHFWURVFRS\� DQG VFDQQLQJ HOHFWURQ PLFURVFRS\� 7KHVH WHVWV VKRZHG WKH SUHVHQFH RI

FDUERQDWH DQG VXOILGH GHSRVLWV RQ WKH VXUIDFHV RI WKH LURQ� $PRUSKRXV IHUULF K\GUR[LGH DQG OHSLGRFURFLWH
�)H22+� ZHUH DOVR QRWLFHG RQ VRPH RI WKH LURQ VDPSOHV DQG LQGLFDWH R[LGDWLRQ RI WKH LURQ LWVHOI�

)RUPDWLRQ RI WKHVH GHSRVLWV LQGLFDWH WKDW DW VRPH SRLQW LQ WLPH� WKH UHDFWLYLW\ DQG�RU WKH K\GUDXOLF

SHUIRUPDQFH RI WKH LURQ ZLOO EH DGYHUVHO\ DIIHFWHG� :KHQ WKDW ZLOO RFFXU LV VWLOO XQFOHDU� DQG IXUWKHU
HPSLULFDO HYLGHQFH IURP ODERUDWRU\ DQG ILHOG VWXGLHV LV UHTXLUHG RQ WKLV LVVXH�

7DEOH ���� 0RIIHWW )LHOG ,QRUJDQLF &KHPLFDO 'DWD �$SULO ���� 0RQLWRULQJ (YHQW�
�D�

0RQLWRULQJ

/RFDWLRQ &DOFLXP 0DJQHVLXP 6RGLXP ,URQ $ONDOLQLW\ &KORULGH 1LWUDWH 6XOIDWH

8SJUDGLHQW $�

$TXLIHU =RQH

������� ����� ����� � ���� ������� ����� ��� �������

8SJUDGLHQW

3HD *UDYHO

������� ����� ����� � ��������� ������� ����� ��� �������

5HDFWLYH &HOO ����� ������ ����� � ��������� ����� ����� � ���� �����

'RZQJUDGLHQW

3HD *UDYHO

���� ����� ����� � �������� ����� ����� � ���� ����

'RZQJUDGLHQW

$� $TXLIHU

=RQH

������ ���� ����� � ��������� ������ ����� ��� ������

�D� $OO FRQFHQWUDWLRQV DUH LQ PJ�/� DONDOLQLW\ H[SUHVVHG DV &D&2��

��� &RPSDULVRQ WR 7HFKQRORJ\ &ODLPV
,Q JHQHUDO� WKH SHUIRUPDQFH RI WKH SLORW EDUULHU DW 0RIIHWW )LHOG ZDV DEOH WR PHHW WKH FODLPV PDGH IRU WKH

WHFKQRORJ\�

��� 2YHUDOO &RQFOXVLRQV

,Q JHQHUDO� WKH EDUULHU SHUIRUPDQFH ZDV ZLWKLQ WKH H[SHFWDWLRQV RI WKH WHFKQRORJ\ DQG WKH GHVLJQ IRU WKLV

VLWH� $OWKRXJK WKH SUHFLSLWDWLRQ FDXVHG E\ LQRUJDQLF UHDFWLRQV LQ WKH UHDFWLYH FHOO LV D ORQJ�WHUP FRQFHUQ�

WKHUH ZDV QR HYLGHQFH WKDW WKH K\GUDXOLF SHUIRUPDQFH RI WKH EDUULHU ZRXOG EH DIIHFWHG LQ WKH QH[W VHYHUDO
\HDUV� ,W LV XQFOHDU ZKHQ WKH SUHFLSLWDWLRQ PD\ FDXVH WKH UHDFWLYLW\ RI WKH LURQ PHGLXP WR GHFOLQH� EXW

WKHUH ZHUH QR VLJQV GXULQJ WKH ���PRQWK SHULRG RI WKH GHPRQVWUDWLRQ WKDW VXFK D GHFOLQH KDG EHJXQ�
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6HFWLRQ �� &267 $66(660(17

7KLV VHFWLRQ GLVFXVVHV WKH FRVW FRQVLGHUDWLRQV LQYROYHG LQ WKH DSSOLFDWLRQ RI WKH SHUPHDEOH EDUULHU

WHFKQRORJ\�

��� 6XPPDU\ RI 7UHDWPHQW &RVWV IRU WKH 'HPRQVWUDWLRQ
7KH JURXQGZDWHU WUHDWPHQW DQG PRQLWRULQJ FRVWV LQFXUUHG GXULQJ WKH GHPRQVWUDWLRQ DUH VKRZQ LQ 7DEOH ����
2QO\ WKH FRVWV DVVRFLDWHG ZLWK WKH WUHDWPHQW RI WKH JURXQGZDWHU DUH LQFOXGHG� FRVWV DVVRFLDWHG ZLWK WKH
HQWLUH YDOLGDWLRQ HIIRUW DUH QRW LQFOXGHG� 7KH FRVW RI SXUFKDVLQJ WKH LURQ PHGLXP ��������� DQG WKH
FRQVWUXFWLRQ FRVW ���������� ZHUH EDVHG RQ DFWXDO YHQGRU ELGV� 7KH RWKHU FRVWV ZHUH EDVHG RQ WKH EHVW
DYDLODEOH HVWLPDWHV� 6SRLOV JHQHUDWHG GXULQJ WUHQFKLQJ ZHUH UHXVHG DW DQRWKHU VLWH DW 0RIIHWW )LHOG EHFDXVH
WKH\ ZHUH IRXQG WR EH PRVWO\ XQFRQWDPLQDWHG�

7DEOH ���� *URXQGZDWHU 7UHDWPHQW DQG 0RQLWRULQJ &RVWV IRU WKH 'HPRQVWUDWLRQ

,WHPV 6XE�7RWDO ��� 7RWDO &RVW ���

&DSLWDO ,QYHVWPHQW

6LWH FKDUDFWHUL]DWLRQ �������
%HQFK�VFDOH WHVWV �� EDWFK WHVWV� � FROXPQ WHVWV� ������
(QJLQHHULQJ GHVLJQ� PRGHOLQJ� DQG SODQQLQJ �������

,URQ PHGLXP
¥�� WRQV # �����WRQ
¥7UDQVSRUWDWLRQ WR VLWH ��� WRQV # ����WRQ�

������
�����

������

&RQVWUXFWLRQ RI EDUULHU �LQFOXGHV ODERU DQG PDWHLDOV�
¥6LWH SUHSDUDWLRQ�UHVWRUDWLRQ
¥6KHHW SLOH IXQQHO
¥7UHQFK JDWH �ZLWK EDFNKRH�
¥0RQLWRULQJ ZHOOV ZLWKLQ JDWH

�������
������

�������
������

�������

0RQLWRULQJ ZHOOV LQ WKH DTXLIHU YLFLQLW\ ��� ZHOOV # �������ZHOO� ������

'LVSRVDO RI WUHQFK VSRLOV �DV QRQKD]DUGRXV ZDVWH� �

7RWDO &DSLWDO ,QYHVWPHQW �������

2	0 &RVW

0DLQWHQDQFH �RYHU WKH �� PRQWKV RI RSHUDWLRQ�
0RQLWRULQJ �ILYH IXOO HYHQWV # ���. HDFK�

�
�������

7RWDO 2	0 &RVW �������

7RWDO 'HPRQVWUDWLRQ &RVW �������

7KH SULPDU\ DGYDQWDJH RI WKH SHUPHDEOH EDUULHU LV LPPHGLDWHO\ DSSDUHQW� 2QFH LQVWDOOHG� WKHUH DUH QR

2	0 FRVWV LQYROYHG �RWKHU WKDQ PRQLWRULQJ�� DW OHDVW LQ WKH ILUVW IHZ �RU VHYHUDO� \HDUV RI RSHUDWLRQ� $W

VRPH SRLQW LQ WLPH� LW LV DQWLFLSDWHG WKDW WKHUH ZLOO EH PDLQWHQDQFH FRVWV IRU UHJHQHUDWLQJ RU UHSODFLQJ WKH
LURQ UHDFWLYH PHGLXP�

��� 6FDOH�8S 5HFRPPHQGDWLRQV
7KH FRQFOXVLRQV IURP WKH 0RIIHWW )LHOG GHPRQVWUDWLRQ �6HFWLRQ ���� DQG WKH SHUIRUPDQFH REVHUYDWLRQV

DQG OHVVRQV OHDUQHG �6HFWLRQ ���� ZHUH XVHG DV WKH EDVLV IRU H[DPLQLQJ WKH YLDELOLW\ RI D IXOO�VFDOH EDUULHU

IRU WKH :HVW 6LGH 3OXPH DW 0RIIHWW )LHOG� 8QOLNH DQ DERYHJURXQG WUHDWPHQW V\VWHP� ZKHUH VFDOLQJ XS
LQYROYHV LQFUHDVLQJ WKH VL]H RI WKH HTXLSPHQW WR KDQGOH ODUJHU YROXPHV RI IHHG� DQ LQ�VLWX WUHDWPHQW

V\VWHP KDV WR EH VFDOHG XS E\ WDNLQJ LQWR DFFRXQW WKH VXEVXUIDFH FKDUDFWHULVWLFV RI WKH DTXLIHU UHJLRQ WKDW

ZLOO EH DIIHFWHG� 7KLV LV HVSHFLDOO\ WUXH LI� DV KDV EHHQ SURSRVHG DW 0RIIHWW )LHOG E\ VLWH UHSUHVHQWDWLYHV�

WKH SUREDEOH IXOO�VFDOH V\VWHP ZLOO EH LQVWDOOHG DW ORFDWLRQV GLIIHUHQW IURP WKH ORFDWLRQ RI WKH SLORW EDUULHU�
7KH QHHG IRU D GLIIHUHQW ORFDWLRQ IRU WKH IXOO�VFDOH V\VWHP GHULYHV IURP GLIIHUHQFHV LQ WKH REMHFWLYHV RI WKH
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SLORW� DQG IXOO�VFDOH UHDFWLYH EDUULHUV� )RU WKH SLORW V\VWHP� LW ZDV LPSRUWDQW WR EH ZLWKLQ WKH SOXPH VR WKDW
WKH EDUULHU ZRXOG KDYH LPPHGLDWH DFFHVV WR WKH FRQWDPLQDQWV� $VLGH IURP WKDW FRQVLGHUDWLRQ� WKH ORFDWLRQ

RI WKH SLORW EDUULHU ZDV GHWHUPLQHG SULPDULO\ E\ FRQVLGHUDWLRQV RI HDVH RI DFFHVV DQG PD[LPL]DWLRQ RI

EHQHILWV IURP OLPLWHG UHVRXUFHV� ,I� RQ WKH RWKHU KDQG� WKH REMHFWLYH RI WKH IXOO�VFDOH V\VWHP LV WR SUHYHQW

WKH SOXPH IURP PLJUDWLQJ DQ\ IXUWKHU� WKH EDUULHU ZLOO KDYH WR EH SODFHG GRZQJUDGLHQW RI WKH OHDGLQJ HGJH
RI WKH SOXPH�

7KH 1DY\ FXUUHQWO\ LV QHJRWLDWLQJ WKH DUHDV RI UHVSRQVLELOLW\ IRU FOHDQXS RI WKH UHJLRQDO SOXPH� 7KLV ZLOO
KDYH D PDMRU HIIHFW RQ WKH DFWXDO SODFHPHQW RI WKH SHUPHDEOH ZDOO� 7KH ZDOO ORFDWLRQV FKRVHQ IRU WKLV

H[HUFLVH DUH IRU FRVWLQJ SXUSRVHV RQO\� 2QH SRVVLEOH VFHQDULR LV VFKHPDWLFDOO\ GHSLFWHG LQ )LJXUH ��� DQG

LV GLVFXVVHG IXUWKHU LQ WKH IROORZLQJ VXEVHFWLRQV� &RQVLGHUDEOH VWXG\ RI WKH DERYHJURXQG IHDWXUHV RI WKH
VLWH �EXLOGLQJV� URDGV� HWF��� VXEVXUIDFH IHDWXUHV �XWLOLWLHV� H[DFW ORFDWLRQ RI VDQG FKDQQHOV� HWF���

FRQWDPLQDQW GLVWULEXWLRQ� DQG JURXQGZDWHU PRYHPHQW LV UHTXLUHG WR VHOHFW DQ RSWLPDO VFHQDULR�

����� 'HVLJQ RI D )XOO�6FDOH %DUULHU DW 0RIIHWW )LHOG� 7KH GHVLJQ PHWKRGRORJ\ UHFRPPHQGHG IRU
SHUPHDEOH EDUULHUV ZDV LOOXVWUDWHG LQ )LJXUH ���� 7KH EHQFK�VFDOH FROXPQ WHVWLQJ DQG JHRFKHPLFDO HYDOXD�

WLRQ FRQGXFWHG GXULQJ WKH SLORW EDUULHU GHVLJQ VKRXOG EH VXIILFLHQW� DQG WKHVH WZR VWHSV QHHG QRW EH UHSHDWHG�

%XW WKH UHPDLQLQJ VWHSV ZLOO KDYH WR EH LPSOHPHQWHG WR GHVLJQ WKH IXOO�VFDOH DSSOLFDWLRQ�

DIMENSIONS-POSSIBLE.CDR

Plume Boundary

Slurry Wall

Reactive Cell

6
0
0

ft

1
1
0
0

ft

1
3

8
ft

1
6

ft
1

6
ft

1
6

ft
1

3
8

ft
1

3
8

ft
1

3
8

ft

2
5

3
ft

2
5

3
ft

2
5

3
ft

2
5

3
ft

2
9

ft
2

9
ft

2
9

ft

Northern Wall
(45 ft deep)

Site 9 Wall
(65 ft deep)

NOT TO SCALE

Groundwater

Flow Direction

N

)LJXUH ���� &RQILJXUDWLRQ DQG 'LPHQVLRQV RI 3RVVLEOH )XOO�6FDOH %DUULHU DW 0RIIHWW )LHOG
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����� &RVW 3URMHFWLRQV IRU )XOO�6FDOH %DUULHU DW 0RIIHWW )LHOG� 2QH RI WKH VFHQDULRV SURSRVHG E\
VLWH UHSUHVHQWDWLYHV LV XVHG KHUH� ZLWK VRPH PRGLILFDWLRQV� IRU SUHVHQWLQJ WKH VFDOH�XS JXLGDQFH� ,Q WKLV

VFHQDULR �)LJXUH ����� WKH IXOO�VFDOH SHUPHDEOH EDUULHU IRU WKH :HVW 6LGH SOXPH DW 0RIIHWW )LHOG ZRXOG EH

FRQVWUXFWHG LQ WZR VHFWLRQV� 2QH VHFWLRQ� FDOOHG WKH 6LWH � :DOO� ZRXOG EH FRQVWUXFWHG MXVW VRXWK RI

%XLOGLQJ ��� DQG ZRXOG FDSWXUH DQG WUHDW WKH KLJKO\ FRQFHQWUDWHG SRUWLRQ RI WKH FRQWDPLQDWLRQ PRYLQJ
WKURXJK D NH\ VDQG FKDQQHO� 7KH RWKHU VHFWLRQ� FDOOHG WKH 1RUWKHUQ :DOO� ZRXOG EH FRQVWUXFWHG

GRZQJUDGLHQW IURP WKH OHDGLQJ HGJH RI WKH SOXPH� DQG ZRXOG FRQWURO IXUWKHU PLJUDWLRQ RI WKH SOXPH� ,Q

DOO WKH VFHQDULRV� D EDUULHU WKDW H[WHQGV GRZQ WR WKH EDVH RI WKH $� DTXLIHU ]RQH LV HQYLVLRQHG� 7KH
DTXLWDUG LQ VRPH ORFDWLRQV FDQ EH XS WR �� IHHW GHHS� PDNLQJ WKLV EDUULHU GHHSHU WKDQ DQ\ IXOO�VFDOH EDUULHU

LQVWDOOHG VR IDU� 7KLV GHSWK FRQVLGHUDWLRQ LQFUHDVHV WKH FRQVWUXFWLRQ FRVW FRPSDUHG WR RWKHU VLWHV� )RU

H[DPSOH� D FODPVKHOO ZRXOG SUREDEO\ EH XVHG LQVWHDG RI D EDFNKRH WR NH\ WKH EDUULHU LQWR WKH ���IRRW�GHHS
DTXLWDUG� WKXV LQFUHDVLQJ WKH WLPH DQG FRVW RI FRQVWUXFWLRQ� &RQYHQWLRQDO WUHQFK JDWHV DQG VOXUU\ ZDOO

IXQQHOV KDYH EHHQ DVVXPHG IRU WKLV DSSOLFDWLRQ LQ WKH DEVHQFH RI RWKHU FRPPHUFLDOO\ DYDLODEOH ¦WUXH�DQG�

WHVWHG§ WHFKQLTXHV� $W WKLV WLPH� PRVW LQQRYDWLYH PHWKRGV �H�J�� MHWWLQJ� DUH VWLOO XQGHU GHYHORSPHQW�

7DEOH ��� VXPPDUL]HV WKH FRVWV RI WKLV IXOO�VFDOH EDUULHU LOOXVWUDWLRQ� 'HWDLOV IRU LQGLYLGXDO FRVW LWHPV DQG

ZHUH GHYHORSHG E\ 1)(6& EDVHG RQ SUHOLPLQDU\ SURMHFWLRQV E\ VLWH UHSUHVHQWDWLYHV IRU WKH DSSOLFDWLRQ

�7HWUD7HFK (0,� SHUVRQDO FRPPXQLFDWLRQ�� 7HFKQRORJ\ OLFHQVLQJ LVVXHV DUH EHLQJ QHJRWLDWHG ZLWK (7,�

7R REWDLQ VRPH SHUVSHFWLYH RQ WKH HFRQRPLF EHQHILWV RI WKH SHUPHDEOH EDUULHU� WKH WRWDO FRVW RI WKH

SHUPHDEOH EDUULHU ZDV FRPSDUHG ZLWK WKH WRWDO FRVW RI WKH SXPS�DQG�WUHDW RSWLRQ� 7KH FRVW RI WKH SXPS�
DQG�WUHDW V\VWHP IRU WKH :HVW 6LGH SOXPH ZDV HVWLPDWHG E\ 1)(6&� EDVHG RQ SURMHFWLRQV PDGH LQ D ORQJ�

WHUP DFWLRQ SODQ E\ VLWH UHSUHVHQWDWLYHV �35&� ������ 7KH SXPS�DQG�WUHDW V\VWHP LV H[SHFWHG WR FRQVLVW RI

�� H[WUDFWLRQ ZHOOV WKDW ZLWKGUDZ ��� JDOORQV SHU PLQXWH �JSP� RI ZDWHU IURP QHDU WKH HGJH RI WKH SOXPH�

7KH H[WUDFWHG ZDWHU ZRXOG EH WUHDWHG ZLWK DQ DLU VWULSSHU DQG DGYDQFHG R[LGDWLRQ V\VWHP� 7DEOH ���
VXPPDUL]HV WKH FRPSDULVRQ RI SHUPHDEOH EDUULHU DQG SXPS�DQG�WUHDW RSWLRQV EDVHG RQ WKH SUHVHQW YDOXHV

�39� RI WKH HVWLPDWHG FRVWV �WKDW LV� WKH HVWLPDWHG FRVWV LQ WRGD\©V GROODUV�� $ UHDO UDWH RI UHWXUQ RI �� ZDV

XVHG LQ WKH FDOFXODWLRQV DV WKH GLVFRXQW UDWH� $V VHHQ LQ 7DEOH ���� WKH SHUPHDEOH EDUULHU UHTXLUHV D KLJKHU
LQLWLDO FDSLWDO LQYHVWPHQW� +RZHYHU� RYHU WLPH� WKH 2	0 VDYLQJV NHHS DFFUXLQJ DQG WKH SHUPHDEOH EDUULHU

EUHDNV HYHQ LQ DSSUR[LPDWHO\ WKH VL[WK \HDU� EDVHG RQ WKHVH FDOFXODWLRQV� 2	0 FRVWV DUH IDFWRUHG LQ

DQQXDOO\ DQG EDUULHU PDLQWHQDQFH FRVW LV IDFWRUHG LQ HYHU\ �� \HDUV� FDOFXODWLRQV RI FRVW VDYLQJV �RU

DGGLWLRQDO FRVWV� IRU WKH SHUPHDEOH EDUULHU DUH VKRZQ LQ WKH ODVW FROXPQ� ,Q WKH VL[WK \HDU� WKH 39 FRVW RI
WKH SXPS�DQG�WUHDW V\VWHP H[FHHGV WKDW RI WKH SHUPHDEOH EDUULHU� LQGLFDWLQJ WKDW WKH SHUPHDEOH EDUULHU LV

PRUH FRVW�HIIHFWLYH RYHU WKH ORQJ WHUP�

)RU D EURDGHU SHUVSHFWLYH RQ SHUPHDEOH EDUULHU FRVW� 7DEOH ��� SURYLGHV D VXPPDU\ RI WKH EDUULHU

FRQVWUXFWLRQ FRVWV UHSRUWHG DW YDULRXV VLWHV ZKHUH WKLV WHFKQRORJ\ KDV EHHQ LPSOHPHQWHG� %RWK SLORW� DQG

IXOO�VFDOH V\VWHPV DUH UHSUHVHQWHG LQ WKH WDEOH� 7KH EDUULHU FRQILJXUDWLRQ� FRQWLQXRXV UHDFWLYH EDUULHU �&5%�
RU IXQQHO DQG JDWH �)	*�� LV DOVR SURYLGHG LQ WKH WDEOH� 7KH ������IRRW�ORQJ� IXOO�VFDOH 0RIIHWW )LHOG

EDUULHU� LI EXLOW� ZRXOG EH WKH ORQJHVW RQH VR IDU� $W D GHSWK RI �� IHHW� LW ZRXOG DOVR EH WKH GHHSHVW EDUULHU

EXLOW ZLWK FRPPHUFLDOO\ DYDLODEOH� FRQYHQWLRQDO H[FDYDWLRQ WHFKQLTXHV�
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7DEOH ���� 3URMHFWHG &RVW RI D )XOO�6FDOH 3HUPHDEOH %DUULHU DW 0RIIHWW )LHOG

,WHP 6XE�7RWDO ��� 7RWDO ���

&DSLWDO &RVWV�

%HQFK�VFDOH WHVWV �� EDWFK WHVWV� � FROXPQ WHVWV� ������
�E�

6LWH FKDUDFWHUL]DWLRQ

¥6LWH FKDUDFWHUL]DWLRQ �K\GURJHRORJLF�FKHPLFDO�

¥2WKHU WHVWLQJ DQG ZHOGLQJ

�������

������

�������

(QJLQHHULQJ 'HVLJQ� 0RGHOLQJ �������

6LWH 3UHSDUDWLRQ �3HUPLWWLQJ� WUDIILF FRQWURO� VWRUDJH� DQG DGPLQLVWUDWLRQ� �������

&RQVWUXFWLRQ �ODERU DQG PDWHULDOV�
¥0RELOL]DWLRQ
¥7UHQFK LQVWDOODWLRQ
¥*DWHV FRPSOHWLRQ �VL[ WUHQFK JDWHV ZLWK ����� WRQHV RI LURQ PHGLXP DW

�����WRQ�
¥)XQQHO FRPSOHWLRQ �VOXUU\ ZDOO�
¥'HPRELOL]DWLRQ
¥6XUIDFH UHVWRUDWLRQ

������
�������

���������
���������

������
������

���������

0RQLWRULQJ ZHOOV LQVWDOODWLRQ ������

6SRLOV GLVSRVDO RQ�VLWH �WUHQFK VRLOV� �������F�

6SRLOV GLVSRVDO RII�VLWH �UHPRYHG DVSKDOW� �������

6LWH 5HVWRUDWLRQ DQG 3RVW�&RQVWUXFWLRQ 5HSRUWV

¥6LWH FOHDQXS

¥5HPRYDO RI WHPSRUDU\ XWLOLWLHV�IDFLOLWLHV

¥3RVW�FRQVWUXFWLRQ VXEPLWWDOV

�����

������

������

�������

'LVWULEXWLYH FRVWV �DGPLQLVWUDWLYH� KHDOWK 	 VDIHW\� �������
�G�

7RWDO &DSLWDO &RVW ���������

2	0 &RVWV�

$QQXDO RSHUDWLRQV �PRQLWRULQJ FRVW LQFXUUHG HYHU\ \HDU� ������

0DLQWHQDQFH �LQFXUUHG HYHU\ �� \HDUV� �������
�H�

�D� 'HWDLOV RI LQGLYLGXDO FRVW LWHPV DUH SURYLGHG LQ $SSHQGL[ * RI WKH 7HFKQRORJ\ (YDOXDWLRQ 5HSRUW �%DWWHOOH�

����G� 7DEOH *����

�E� %HQFK�VFDOH WHVWLQJ IRU WKH SLORW SHUPHDEOH EDUULHU VKRXOG EH VXIILFLHQW IRU LPSOHPHQWLQJ WKH IXOO�VFDOH EDUULHU�

+RZHYHU� WKH FRVWV RI DGGLWLRQDO EHQFK�VFDOH WHVWV DUH LQFOXGHG LQ WKLV FRVW HVWLPDWH� LQ WKH HYHQW WKH\ DUH QHHGHG�

�F� $VVXPLQJ VSRLOV ZLOO EH GLVSRVHG DV QRQ�KD]DUGRXV PDWHULDO� $W VRPH VLWHV ZLWK YHU\ KLJK FRQWDPLQDWLRQ� WKH

VSRLOV FRXOG EH FRQVLGHUHG KD]DUGRXV� DQG WKHLU GLVSRVDO ZRXOG FRVW PRUH�

�G� 5XOH�RI�WKXPE HVWLPDWH RI ��� RI LURQ PHGLXP FRVW HYHU\ �� \HDUV� DV UHFRPPHQGHG E\ (7, IRU D VLWH ZLWK

PRGHUDWH SUHFLSLWDWLRQ SRWHQWLDO�

�H� 'LVWULEXWLYH FRVW HVWLPDWH GRHV QRW LQFOXGH RYHUKHDG FRVWV DQG SURILW�

7DEOH ���� 7RWDO &RVW &RPSDULVRQ RI WKH 3UHVHQW 9DOXH �39� &RVWV RI WKH

3HUPHDEOH %DUULHU DQG 3XPS�DQG�7UHDW 2SWLRQV DW 0RIIHWW )LHOG�D�

<HDUV RI

2SHUDWLRQ ,WHP

3HUPHDEOH

%DUULHU

3XPS 	 7UHDW

6\VWHP

&RVW 6DYLQJV

IRU 3HUPHDEOH

%DUULHU

� &DSLWDO ,QYHVWPHQW ���� 0 ���� 0 ����� 0

$QQXDO $QQXDO 2	0 FRVW ��� . ���� . ���� .

¥ %DUULHU PDLQWHQDQFH FRVW HYHU\ �� \HDUV ���� . 1RW DSSOLFDEOH ����� .

� 39 RI &DSLWDO DQG 2	0 FRVWV ���� 0 ���� 0 ���� 0

�� 39 RI &DSLWDO DQG 2	0 FRVWV ���� 0 ���� 0 ���� 0

�� 39 RI &DSLWDO DQG 2	0 FRVWV ���� 0 ��� 0 ���� 0

�� 39 RI &DSLWDO DQG 2	0 FRVWV ���� 0 ��� 0 ��� 0

�� 39 RI &DSLWDO DQG 2	0 FRVWV ���� 0 ��� 0 ��� 0

�� 39 RI &DSLWDO DQG 2	0 FRVWV ���� 0 ��� 0 ��� 0
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7DEOH ���� &RVW RI 3HUPHDEOH 5HDFWLYH %DUULHUV

35% 6LWH

7\SH RI

%DUULHU

$PRXQW

RI ,URQ

�WRQV�

6RXUFH

RI ,URQ

8QLW

&RVW RI

,URQ

���WRQ�

7RWDO &RVW

RI ,URQ ���

7RWDO

&RQVWUXFWLRQ

&RVW ��� 1RWHV

0RIIHWW

)LHOG

)	* �� 3HHUOHVV ��� ������ ������� ,QFOXGHV PRQLWRULQJ ZHOOV

$ODPHGD )	* �� 3HHUOHVV ��� ������ ������� &RQVWUXFWLRQ FRVW LQFOXGHV ELRVSDUJH
V\VWHP

'RYHU

$)%

)	* �� 3HHUOHVV ��� ������ ������� ,QFOXGHV PRQLWRULQJ ZHOOV

/RZU\
$)%

)	* �� 0DVWHU
%XLOGHU

��� ������ ������ ¥

&DSH
&DQDYHUDO

$LU
6WDWLRQ

&5% 0DQGUHO
����

-$*
����

3HHUOHVV 0DQGUHO
�����

-$*
�����

0DQGUHO
���.�

-$* ���.�

���.
>0DQGUHO

����.�
-$* ����.�@

,QFOXGHV PRQLWRULQJ ZHOOV

:DWHUYOLHW

$UVHQDO

&5% ��� DQG

��

&RQQHOO\

�*30

1�$ 1�$ ������� 'HVLJQ ¤ ��������

/LFHQVH ¤ �������

6HQHFD
$UP\

'HSRW

&5% ��� 1�$ 1�$ 1�$ 1�$ ¥

'HQYHU

)HGHUDO
&HQWHU

)	* ����

���� ���
DQG ��

3HHUOHVV 1�$ ������� ��������� ,QFOXGHV SHD JUDYHO

(OL]DEHWK

&LW\

&5% ��� 1�$ 1�$ ������� ������� ¥

.DQVDV
&LW\
3ODQW

&5% 1�$ 3HHUOHVV 1�$ 1�$ 1�$ ¥

5RFN\

)ODWV

)	* �� &RQQHOO\ ��� ������ ������� ¥

1�$  QRW DYDLODEOH�
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6HFWLRQ �� ,03/(0(17$7,21 ,668(6

7KLV VHFWLRQ H[DPLQHV WKH OHVVRQV OHDUQHG IURP WKLV GHPRQVWUDWLRQ DQG WKHLU LPSOLFDWLRQV IRU IXOO�VFDOH

DSSOLFDWLRQ DW 0RIIHWW )LHOG DQG RWKHU VLWHV�

��� &RVW 2EVHUYDWLRQV

7KH GHPRQVWUDWLRQ UHVXOWV LQGLFDWH WKDW WKH FRVW RI D SHUPHDEOH EDUULHU LV FORVHO\ OLQNHG WR WKH VHOHFWHG
GHVLJQ DQG FRQVWUXFWLRQ PHWKRG� 7KH IROORZLQJ LVVXHV VKRXOG EH FRQVLGHUHG WR RSWLPL]H EDUULHU

DSSOLFDWLRQ FRVWV�

� &RQGXFWLQJ DGHTXDWH VLWH FKDUDFWHUL]DWLRQ DQG PRGHOLQJ WR LPSURYH WKH GHVLJQ DQG ORZHU
FDSLWDO FRVW� 7KH JUHDWHU WKH FHUWDLQW\ LQ WKH K\GURJHRORJLF SDUDPHWHU HVWLPDWHV� WKH EHWWHU WKH

FDSDELOLW\ RI UHGXFLQJ WKH GLPHQVLRQV DQG DSSO\LQJ VPDOOHU VDIHW\ IDFWRUV LQ WKH EDUULHU

GHVLJQ�

� 7KH UHODWLYH FRVW RI XVLQJ D FRQWLQXRXV UHDFWLYH EDUULHU YHUVXV D IXQQHO�DQG�JDWH V\VWHP
VKRXOG EH HYDOXDWHG DW HYHU\ VLWH EDVHG RQ VLWH FKDUDFWHULVWLFV DQG JHRWHFKQLFDO FRQVLGHUD�
WLRQV� 0RUH LURQ LV JHQHUDOO\ UHTXLUHG LQ FRQWLQXRXV UHDFWLYH EDUULHUV� LQ ZKLFK LURQ LV
GLVWULEXWHG DORQJ WKH HQWLUH ZLGWK RI WKH SOXPH DQG LV WKHUHIRUH XVHG VRPHZKDW LQHIILFLHQWO\
FRPSDUHG WR D IXQQHO DQG JDWH� +RZHYHU� ZLWK WKH FRVW RI LURQ IDOOLQJ WR �����WRQ RYHU WKH
ODVW IHZ \HDUV� WKH FRVW GLIIHUHQWLDO EHWZHHQ LQVWDOOLQJ D FRQWLQXRXV UHDFWLYH EDUULHU YHUVXV
LQVWDOOLQJ DQ LQWHUYHQLQJ VOXUU\ ZDOO RU VKHHW SLOH IXQQHO ZDOOV PD\ EH IDYRUDEOH IRU WKH
FRQWLQXRXV UHDFWLYH EDUULHUV DW VRPH VLWHV� &RQWLQXRXV UHDFWLYH EDUULHUV PD\ LQ PDQ\ FDVHV EH
D VLPSOHU DQG PRUH FRVW�HIILFLHQW GHVLJQ� ZLWK IHZHU K\GUDXOLF SHUIRUPDQFH FRQFHUQV WKDQ D
IXQQHO�DQG�JDWH V\VWHP�

� 'LIIHUHQW FRQVWUXFWLRQ PHWKRGV PD\ EH FRVW�HIIHFWLYH IRU GLIIHUHQW VLWHV� $ YDULHW\ RI
FRQVWUXFWLRQ WHFKQLTXHV VKRXOG EH FRQVLGHUHG� ,QQRYDWLYH WHFKQLTXHV� VXFK DV FDLVVRQ

LQVWDOODWLRQV DQG FRQWLQXRXV WUHQFKHUV� RIIHU SRWHQWLDO IRU PRQHWDU\ VDYLQJV� 7KH FKRLFH RI

VOXUU\ ZDOO YHUVXV VKHHW SLOH IRU IXQQHO ZDOOV VKRXOG DOVR EH HYDOXDWHG DW HYHU\ VLWH�

� 7KH PRQLWRULQJ QHWZRUN IRU WKH EDUULHU VKRXOG EH GLVFXVVHG ZLWK UHJXODWRUV DV HDUO\ DV

SRVVLEOH LQ WKH SURFHVV� ,QGLFDWLRQV IURP 0RIIHWW )LHOG DQG RWKHU VLWHV DUH WKDW ERWK WKH

QXPEHU RI PRQLWRULQJ SRLQWV DQG WKH PRQLWRULQJ IUHTXHQF\ UHTXLUHPHQWV RI WKH EDUULHU DUH
UHODWLYHO\ ORZ� DQG FDQ EH UHGXFHG IXUWKHU RYHU WKH \HDUV�

� 5HVHDUFK LV XQGHUZD\ IRU LQYHVWLJDWLQJ DFLGV RU FKHODWLQJ DJHQWV DV IOXVKLQJ DJHQWV WR

UHJHQHUDWH WKH UHDFWLYLW\ DQG K\GUDXOLF SURSHUWLHV RI EDUULHUV DIWHU ORQJ�WHUP H[SRVXUH WR
JURXQGZDWHU� ,I VXFFHVVIXO� WKLV UHVHDUFK KROGV WKH SURPLVH RI ORZHU PDLQWHQDQFH FRVWV LQ WKH

IXWXUH� 2WKHUZLVH� WKHUH LV VRPH XQFHUWDLQW\ DERXW HYHQWXDO PDLQWHQDQFH FRVWV�

� 7KH FRPSDULVRQ RI WKH EDUULHU FRVW ZLWK WKH FRVW RI RWKHU RSWLRQV� VXFK DV SXPS�DQG�WUHDW

V\VWHPV� VKRXOG EH FDUHIXOO\ HYDOXDWHG� ,QWDQJLEOH EHQHILWV� VXFK DV WKH DEVHQFH RI

DERYHJURXQG VWUXFWXUHV ZLWK WKH SHUPHDEOH EDUULHU RSWLRQ� VKRXOG EH FRQVLGHUHG�

��� 3HUIRUPDQFH 2EVHUYDWLRQV DQG /HVVRQV /HDUQHG

7KH 0RIIHWW )LHOG GHPRQVWUDWLRQ SURYLGHG VHYHUDO NH\ LQGLFDWLRQV RI WKH VLWH DQG WHFKQRORJ\ IDFWRUV

GULYLQJ EDUULHU SHUIRUPDQFH� ,W LV LPSRUWDQW WR WDNH WKHVH IDFWRUV LQWR DFFRXQW ZKHQ SODQQLQJ D IXOO�VFDOH
SHUPHDEOH EDUULHU DW 0RIIHWW )LHOG RU RWKHU VLWHV�
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7KH IROORZLQJ IDFWRUV GULYH WKH SHUIRUPDQFH RI WKH EDUULHU DQG VKRXOG EH WDNHQ LQWR FRQVLGHUDWLRQ GXULQJ
GHVLJQ DQG LPSOHPHQWDWLRQ DW WKLV DQG RWKHU VLWHV�

� 1DWXUH RI WKH $TXLWDUG� $ FRPSHWHQW DTXLWDUG LV UHTXLUHG VR WKDW WKH EDUULHU FDQ EH SURSHUO\

NH\HG LQ�

� 7DUJHW &RQWDPLQDQWV� %HQFK�VFDOH WHVWLQJ ZDV D JRRG SUHGLFWRU RI ILHOG SHUIRUPDQFH IRU

WKLV GHPRQVWUDWLRQ�

� $TXLIHU +HWHURJHQHLWLHV� +HWHURJHQHLWLHV PD\ LPSDFW WKH IORZ V\VWHP� ZKLFK FDQ EH

PRGHOHG GXULQJ GHVLJQ RQ WKH EDVLV RI VLWH FKDUDFWHUL]DWLRQ GDWD DQG ��' RU ��' IORZ PRGHO�
$W VRPH VLWHV� VXFK DV 0RIIHWW )LHOG� KHWHURJHQHLWLHV SOD\ D NH\ UROH LQ JURXQGZDWHU

PRYHPHQW DQG FRQWDPLQDQWV WUDQVSRUW�

� *HRWHFKQLFDO &RQVLGHUDWLRQV� 7KH SUHVHQFH RI DERYHJURXQG EXLOGLQJV DQG VXEVXUIDFH
XWLOLWLHV RYHUO\LQJ WKH SOXPH OLPLWV WKH SRVVLEOH ORFDWLRQV RI WKH EDUULHU� ,Q WKH DEVHQFH RI

VXEVXUIDFH XWLOLWLHV� D FRQWLQXRXV UHDFWLYH EDUULHU PD\ SURYH WR EH PRUH FRVW�HIIHFWLYH

FRPSDUHG WR D IXQQHO�DQG�JDWH V\VWHP� DOWKRXJK WKH UHDFWLYH PHGLXP PD\ QRW EH RSWLPDOO\
XVHG� $ IXQQHO�DQG�JDWH V\VWHP PD\ EH PRUH VXLWDEOH LI WKHUH DUH LQWHUYHQLQJ XWLOLWLHV DW WKH

GHVLUHG ORFDWLRQ�

� *URXQGZDWHU 9HORFLW\ (VWLPDWLRQ� 'XH WR WKH KHWHURJHQHRXV QDWXUH RI WKH VLWH DQG EHFDXVH

RI WKH OLPLWDWLRQV RI WKH PHDVXUHPHQW PHWKRGV� WKH JURXQGZDWHU YHORFLW\ IRU WKH 0RIIHWW )LHOG

GHPRQVWUDWLRQ ZDV HVWLPDWHG ZLWKLQ D UHODWLYHO\ ZLGH UDQJH� 7KLV PD\ FRQWLQXH WR EH D

FKDOOHQJH DW 0RIIHWW )LHOG EHFDXVH RI WKH QDWXUH RI WKH VLWH�

� 3URMHFWLRQV RI &RQWDPLQDQW &RQFHQWUDWLRQV 5HDFKLQJ WKH %DUULHU� 7KH SLORW EDUULHU

GHVLJQ DW 0RIIHWW )LHOG ZDV EDVHG RQ PD[LPXP FRQFHQWUDWLRQV RI XS WR ����� �J�/ RI 7&(
DQG ��� �J�/ RI FLV�����'&( WKDW ZHUH SUHVHQW LQ WKH YLFLQLW\ RI WKH EDUULHU DW WKH WLPH RI WKH

VLWH FKDUDFWHUL]DWLRQ� +RZHYHU� LI WKH EDUULHU LV H[SHFWHG WR EH RSHUDWLRQDO RYHU D SHULRG RI ��

RU �� \HDUV� DQG WKH SOXPH FRQWLQXHV WR GHYHORS GXULQJ WKLV SHULRG� WKH FRQFHQWUDWLRQV

HQFRXQWHUHG DW WKH EDUULHU FRXOG EH PXFK KLJKHU� ,W LV LPSRUWDQW WR HQVXUH WKDW WKHUH LV D
VXIILFLHQW VDIHW\ IDFWRU LQFRUSRUDWHG LQ WKH GHVLJQ WKLFNQHVV RI WKH UHDFWLYH FHOO WR DFFRXQW IRU

WKH LQFUHDVHG FRQFHQWUDWLRQV�

� 5ROH RI WKH 3HD *UDYHO� ,Q WKH SLORW EDUULHU� WKH SHD JUDYHO ZDV KHOSIXO LQ KRPRJHQL]LQJ WKH

IORZ DQG WKH LQIOXHQW FRQWDPLQDWLRQ� SURYLGLQJ D ZHOO�PL[HG ORFDWLRQ IRU PRQLWRULQJ LQIOXHQW

DQG HIIOXHQW FRQFHQWUDWLRQV� DQG LQFUHDVLQJ WKH SRURVLW\ DQG K\GUDXOLF FRQGXFWLYLW\ RI WKH
JDWH� +RZHYHU� WKH SUHVHQFH RI WKH SHD JUDYHO GRHV WHQG WR PDNH WKH IORZ V\VWHP PRUH

FRPSOH[ E\ LQWURGXFLQJ VHYHUDO VKDUS FRQGXFWLYLW\ DQG SRURVLW\ FRQWUDVWV�

� 0RQLWRULQJ 1HWZRUN� 7KH PRQLWRULQJ QHWZRUN QHHG QRW EH DV H[WHQVLYH DV WKH RQH XVHG IRU
WKH GHPRQVWUDWLRQ� %DVHG RQ WKH OHVVRQV OHDUQHG IURP WKLV GHPRQVWUDWLRQ DQG WKH JXLGDQFH LQ

RWKHU UHIHUHQFHV �*DYDVNDU HW DO�� ����� ,75&� ������ WKH PRQLWRULQJ QHWZRUN QHHGV WR

LQFOXGH VXIILFLHQW ZHOOV WR EH DEOH WR HYDOXDWH SRVVLEOH EUHDNWKURXJK DQG SOXPH E\SDVV�

� 0RQLWRULQJ )UHTXHQF\� 0RQLWRULQJ RQFH D \HDU VHHPV DGHTXDWH EDVHG RQ WKH WUHQGV

REVHUYHG GXULQJ WKLV GHPRQVWUDWLRQ� :DWHU OHYHOV DQG WDUJHW FRQWDPLQDQWV PD\ EH PRQLWRUHG
PRUH IUHTXHQWO\ LQ WKH ILUVW TXDUWHU RU ILUVW \HDU XQWLO WKH SHUIRUPDQFH RI WKH EDUULHU LV

HVWDEOLVKHG�
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� *HRFKHPLFDO &KDUDFWHULVWLFV RI WKH 6LWH *URXQGZDWHU� ,Q JHQHUDO� VLWHV ZLWK KLJK '2 RU
KLJK 7'6 LQ WKH JURXQGZDWHU DUH OLNHO\ WR H[KLELW D KLJKHU SRWHQWLDO IRU SUHFLSLWDWH IRUPDWLRQ�

��� 5HJXODWRU\ ,VVXHV

7KH SUHGRPLQDQFH RI JURXQGZDWHU FRQWDPLQDWLRQ DQG WKH ODFN RI PHWKRGV WR WUHDW WKH FRQWDPLQDWLRQ LQ DQ
HIIHFWLYH DQG HFRQRPLFDO PDQQHU LV D SUREOHP RI JUHDW FRQFHUQ WR WKH 8�6� (3$ DQG WKH UHJXODWHG

FRPPXQLW\� 7KH UHJXODWRUV DUH HVSHFLDOO\ FRQFHUQHG DERXW WKH LVVXH RI FKORULQDWHG VROYHQW FRQWDPLQDWLRQ

LQ JURXQGZDWHU DQG LWV SRWHQWLDO IRU SHUVLVWLQJ IRU KXQGUHGV RI \HDUV GHVSLWH HIIRUWV WR SXPS DQG WUHDW LW�
7KH 8�6� (3$ KDV LGHQWLILHG VL[ DELRWLF WHFKQRORJLHV WKDW DUH HPHUJLQJ DV SRVVLEOH FOHDQXS UHPHGLHV IRU

UHFDOFLWUDQW VLWHV �8�6� (3$� ������ 7UHDWPHQW ZDOOV RU SHUPHDEOH EDUULHU WHFKQRORJ\ LV RQH RI WKHP�

7KH ,QWHUVWDWH 7HFKQRORJ\ DQG 5HJXODWRU\ &RRSHUDWLRQ �,75&� :RUNLQJ *URXS� D JURXS WKDW LQFOXGHV

UHJXODWRUV IURP YDULRXV VWDWHV LQWHUHVWHG LQ FHUWLI\LQJ LQQRYDWLYH WHFKQRORJLHV� KDV IRUPHG D VXEJURXS WR

UHYLHZ SHUPHDEOH EDUULHU DSSOLFDWLRQV� 7KLV VXEJURXS KHOG LWV ILUVW PHHWLQJ LQ 3KLODGHOSKLD LQ 6HSWHPEHU

����� 7KH ,75& VXEJURXS UHFHQWO\ SXEOLVKHG D UHJXODWRU\ JXLGDQFH IRU SHUPHDEOH EDUULHUV GHVLJQHG WR
UHPHGLDWH FKORULQDWHG VROYHQWV �,75&� ������ 7KH ,75& XSGDWHV FDQ EH REWDLQHG IURP WKHLU ZHE VLWH DW

KWWS���ZZZ�VVR�RUJ�HFRV�LWUF�

,Q JHQHUDO� PRVW UHJXODWRUV DQG VLWH PDQDJHUV DUH FRQYLQFHG DERXW WKH FRQWDPLQDQW GHJUDGDWLRQ

FDSDELOLWLHV RI SHUPHDEOH UHDFWLYH EDUULHUV� *LYHQ VXIILFLHQW UHVLGHQFH WLPH� WKH UHDFWLYH PHGLXP GRHV

GHJUDGH WDUJHW FRQWDPLQDQWV WR GHVLUHG OHYHOV� 7KLV FDQ EH EDFNHG XS ZLWK EHQFK�VFDOH FROXPQ WHVWV�
+\GUDXOLF SHUIRUPDQFH DQG ORQJHYLW\ DUH WKH WZR LVVXHV WKDW FRQWLQXH WR JHQHUDWH VRPH XQFHUWDLQW\� )ORZ

�SOXPH� E\SDVV DURXQG DQG DERYH WKH EDUULHU KDV EHHQ H[SHULHQFHG DW VRPH VLWHV �'HQYHU )HGHUDO &HQWHU

DQG 6RPHUVZRUWK VLWHV�� DW OHDVW XQGHU WUDQVLHQW FRQGLWLRQV� $OWKRXJK DGHTXDWH VLWH FKDUDFWHUL]DWLRQ DQG D

JRRG GHVLJQ FDQ PLQLPL]H WKH SRWHQWLDO IRU VXFK RFFXUUHQFHV� VRPH XQFHUWDLQW\ UHPDLQV� 7KHUH DUH DOVR
OLPLWDWLRQV EDVHG RQ WKH DPRXQW VLWHV DUH ZLOOLQJ WR VSHQG WR FKDUDFWHUL]H VXEVXUIDFH FRPSOH[LWLHV� 2Q WKH

RWKHU KDQG� WKHUH LV D JURZLQJ UHDOL]DWLRQ WKDW SXPS�DQG�WUHDW V\VWHPV KDYH OLPLWDWLRQV WRR� DQG DUH OLNHO\

WR FRVW PRUH LQ WKH ORQJ WHUP DW PDQ\ VLWHV�
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6HFWLRQ �� 5()(5(1&(6

��� .H\ 5HIHUHQFHV
�,QVWUXPHQWDO WR FRPSOHWLRQ RI SURMHFW�

%DWWHOOH� ����� -DQXDU\ ���� 0RQLWRULQJ 5HSRUW IRU WKH 3LORW 3HUPHDEOH %DUULHU DW 0RIIHWW )LHOG�

3UHSDUHG IRU 1)(6&� 0D\�

%DWWHOOH� ����D� )LHOG 7UDFHU $SSOLFDWLRQ WR (YDOXDWH WKH +\GUDXOLF 3HUIRUPDQFH RI WKH 3LORW�6FDOH

3HUPHDEOH %DUULHU DW 0RIIHWW )HGHUDO $LUILHOG� 3UHSDUHG IRU 1)(6&� 3RUW +XHQHPH� &$�

)HEUXDU\�

%DWWHOOH� ����E� &RUH 7HVWLQJ 5HSRUW IRU WKH 3LORW 3HUPHDEOH %DUULHU DW 0RIIHWW )LHOG� 3UHSDUHG IRU

1)(6&� )HEUXDU\�

%DWWHOOH� ����F� 2FWREHU ���� 0RQLWRULQJ 5HSRUW IRU WKH 3LORW 3HUPHDEOH %DUULHU DW 0RIIHWW )LHOG�

3UHSDUHG IRU 1)(6&� $SULO�

%DWWHOOH� ����G� 3HUIRUPDQFH (YDOXDWLRQ RI D 3LORW�6FDOH 3HUPHDEOH 5HDFWLYH %DUULHU DW )RUPHU 1DYDO

$LU 6WDWLRQ 0RIIHWW )LHOG� 0RXQWDLQ 9LHZ� &DOLIRUQLD� 3UHSDUHG IRU 1)(6&� 3RUW +XHQHPH� &$�

1RYHPEHU�

,QWHUQDWLRQDO 7HFKQRORJ\ &RUSRUDWLRQ� ����� :HVW 6LGH *URXQGZDWHU &KDUDFWHUL]DWLRQ 5HSRUW� 1$6

0RIIHWW )LHOG� &DOLIRUQLD� 0DUFK�

,7 &RUS�� VHH ,QWHUQDWLRQDO 7HFKQRORJ\ &RUSRUDWLRQ�

35& (QYLURQPHQWDO 0DQDJHPHQW� ,QF� ����� 'UDIW :HVW 6LGH $TXLIHUV )LHOG ,QYHVWLJDWLRQ 7HFKQLFDO
0HPRUDQGXP� 1DYDO $LU 6WDWLRQ 0RIIHWW )LHOG� &DOLIRUQLD� 0DUFK�

35& (QYLURQPHQWDO 0DQDJHPHQW� ,QF� ����� ,URQ &XUWDLQ %HQFK�6FDOH 6WXG\ 5HSRUW� 0RIIHWW )HGHUDO

$LUILHOG� &DOLIRUQLD� 3UHSDUHG E\ 35& (QYLURQPHQWDO 0DQDJHPHQW� ,QF� IRU WKH 'HSDUWPHQW RI
WKH 1DY\� &RQWUDFW 1R� 1���������'������ 7DVN 2UGHU 1R� ����� 2FWREHU�

35& (QYLURQPHQWDO 0DQDJHPHQW� ,QF� ����� 0RIIHWW )HGHUDO $LUILHOG &DOLIRUQLD :HVW�6LGH $TXLIHUV
7UHDWPHQW 6\VWHP 3KDVH � &RVW 2SLQLRQ� 3UHSDUHG IRU WKH 'HSDUWPHQW RI WKH 1DY\ XQGHU

&RPSUHKHQVLYH /RQJ�7HUP (QYLURQPHQWDO $FWLRQ 1DY\ �&/($1 ,��

��� $VVRFLDWHG 'R' &RQWUDFWV DQG 5HFRUGV DQG 7KHLU /RFDWLRQV

*DYDVNDU� $�� 1� *XSWD� %� 6DVV� 7� )R[� 5� -DQRV\� .� &DQWUHOO� DQG 5� 2OIHQEXWWHO� ����� 'HVLJQ

*XLGDQFH IRU $SSOLFDWLRQ RI 3HUPHDEOH %DUULHUV WR 5HPHGLDWH 'LVVROYHG &KORULQDWHG 6ROYHQWV�

3UHSDUHG IRU $UPVWURQJ /DERUDWRU\�(QYLURQLFV 'LUHFWRUDWH� &RQWUDFW 1R� )���������'������

8�6� (QYLURQPHQWDO 3URWHFWLRQ $JHQF\� ����� ,Q�VLWX 5HPHGLDWLRQ 7HFKQRORJ\ 6WDWXV 5HSRUW�

7UHDWPHQW :DOOV� (3$ ����.�������� 8�6� (3$� 2IILFH RI 6ROLG :DVWH DQG (PHUJHQF\
5HVSRQVH� :DVKLQJWRQ� '&� $SULO�

��� *HQHUDO 5HIHUHQFHV

(3$� VHH 8�6� (QYLURQPHQWDO 3URWHFWLRQ $JHQF\�

(7,� ����� 3HUVRQDO FRPPXQLFDWLRQ IURP -RKQ 9RJDQ�
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)RFKW� 5�0� ����� ¦(QKDQFHG =HUR�9DOHQW ,URQ 'HJUDGDWLRQ RI &KORULQDWHG 6ROYHQWV 8VLQJ 8OWUDVRQLF
(QHUJ\�§ ,Q 3URFHHGLQJV RI WKH )LUVW ,QWHUQDWLRQDO &RQIHUHQFH RQ 5HPHGLDWLRQ RI &KORULQDWHG

DQG 5HFDOFLWUDQW &RPSRXQGV�

*DYDVNDU� $�� 1� *XSWD� %� 6DVV� 5� -DQRV\� DQG '� 2©6XOOLYDQ� ����� 3HUPHDEOH %DUULHUV IRU
*URXQGZDWHU 5HPHGLDWLRQ� %DWWHOOH 3UHVV� &ROXPEXV� 2+�

*LOOKDP� 5�:� ����� &OHDQLQJ +DORJHQDWHG &RQWDPLQDQWV IURP *URXQGZDWHU� 8�6� 3DWHQW 1R�
���������� 1RY� ���

*LOOKDP� 5�:� ����� ¦,Q�VLWX 7UHDWPHQW RI *URXQGZDWHU� 0HWDO�(QKDQFHG 'HJUDGDWLRQ RI &KORULQDWHG
2UJDQLF &RQWDPLQDQWV�§ ,Q 0�0� $UDO �(G��� $GYDQFHV LQ *URXQGZDWHU 3ROOXWLRQ &RQWURO DQG

5HPHGLDWLRQ� SS� �������� .OXZHU $FDGHPLF 3XEOLVKHUV�

,QWHUQDWLRQDO 7HFKQRORJ\ &RUSRUDWLRQ� ����� 3KDVH , &KDUDFWHUL]DWLRQ 5HSRUW� 1DYDO $LU 6WDWLRQ 0RIIHWW
)LHOG� 9ROV� ���� $SULO�

,QWHUQDWLRQDO 7HFKQRORJ\ &RUSRUDWLRQ� ����� 5HPHGLDO ,QYHVWLJDWLRQ 5HSRUW� 2SHUDEOH 8QLW �� 1$6
0RIIHWW )LHOG� &$� $XJXVW�

,QWHUVWDWH 7HFKQRORJ\ 	 5HJXODWRU\ &RRSHUDWLRQ� ����� 5HJXODWRUV *XLGDQFH IRU 3HUPHDEOH %DUULHU

:DOOV 'HVLJQHG WR 5HPHGLDWH &KORULQDWHG 6ROYHQWV� $YDLODEOH IURP KWWS���ZZZ�VVR�RUV�

HFRV�LWUF� 'HFHPEHU�

,7 &RUS�� VHH ,QWHUQDWLRQDO 7HFKQRORJ\ &RUSRUDWLRQ�

,75&� VHH ,QWHUVWDWH 7HFKQRORJ\ 	 5HJXODWRU\ &RRSHUDWLRQ�

1DYDO )DFLOLWLHV (QJLQHHULQJ 6HUYLFH &HQWHU� ����� /RFDWLRQV RI VDQG FKDQQHOV DW 0RIIHWW )LHOG EDVHG RQ

XQSXEOLVKHG GRFXPHQWV REWDLQHG IURP 1)(6&�

1)(6&� VHH 1DYDO )DFLOLWLHV (QJLQHHULQJ 6HUYLFH &HQWHU�

5REHUWV� $�/�� /�$� 7RWWHQ� :�$� $UQROG� '�5� %XUULV� DQG 7�-� &DPSEHOO� ����� ¦5HGXFWLYH (OLPLQDWLRQ
RI &KORULQDWHG (WK\OHQHV E\ =HUR�9DOHQW 0HWDOV�§ (QYLURQ� 6FL� 7HFKQRO� ����������������

5HPHGLDWLRQ 7HFKQRORJLHV 'HYHORSPHQW )RUXP� ����� :HE VLWH IRU 3HUPHDEOH 5HDFWLYH %DUULHUV $FWLRQ
7HDP� $YDLODEOH IURP KWWS���ZZZ�UWGI�RUJ�EDUULHUV�KWP

57')� VHH 5HPHGLDWLRQ 7HFKQRORJLHV 'HYHORSPHQW )RUXP�

8�6� (QYLURQPHQWDO 3URWHFWLRQ $JHQF\� ����� ,Q�VLWX 5HPHGLDWLRQ 7HFKQRORJ\ 6WDWXV 5HSRUW�

7UHDWPHQW :DOOV� (3$ ����.�������� 8�6� (3$� 2IILFH RI 6ROLG :DVWH DQG (PHUJHQF\

5HVSRQVH� :DVKLQJWRQ� '&� $SULO�
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$SSHQGL[ $
3RLQWV RI &RQWDFW

-HIIUH\ 0DUTXVHH

6(5'3�(67&3 3URJUDP 2IILFH
��� 1RUWK 6WXDUW 6WUHHW� 6XLWH ���

$UOLQJWRQ� 9$ �����

3K� ����� ��������

&KDUOHV 5HHWHU
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